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ABSTRACT
THE ROLE OF CYCLIC AMP MEDIATED DEPHOSPHORYLATION
AND CYCLIC AMP MEDTATED PHOSPHORYLATION
IN THE MECHANISM OF ACTION OF ANTI-DIURETIC HORMONE
by
Chong—~Jen Huang

Advisor: Irving L. Schwartz, M.D.

The studies reported in this dissertation were directed at the
evaluation of the role of cyclic AMP-dependent protein kinase, protein
phosphatase and phosphorylated plasma membrane protein in the action
of antidiuretic hormone (ADH) and the elucidation of the mechanism of
cyclic AMP-dependent dephosphorylation in renal tissue.

Protein was solubilized from papillary plasma membrane (PPM),
and two membrane-bound protein kinases were separated by chromato-
graphy. The major peak was identified as MPK II (MrA= 110,000) and
the minor peak, as MPK T (Mr = 210,000). Both membrane-bound protein
kinases are .cyclic AMP-dependent and bind cyeclic AMP, and the activi-
ties of both kinases are inhibited by heat-stable inhibitor, but only
MPK II manifests autophosphorylation.

Two cyclic AMP-dependent protein kinases were separated from the
cytosol fraction of the renal medulla by chromatography. The first
peak, the minor one, was identified as CPK I, and the second peak, the
major one, as CPK II (M, = 180,000). Both cytosol protein kinases are
cyclic AMP-dependent and bind cyclic AMP, but only CPK II manifests
autophosphorylation. Corresponding cvtosol protein kinases with similar

characteristics were found in the renal cortex.



The membrane-bound phosphatase activity was separated into two
peaks by chromatography. The major membrane-bound protein phospha-
tase was identified as Ma (Mr = 33,000) and the minor one, as Mb
(M, = 108,000). Two protein phosphatases were separated from the
cytosol fraction of the renal medulla by chromatography. The major
peak was identified as Pa (M = 35,000) and the minor one, as Pb
(M, = 100,000). The phosphatase activity is stimulated by Mntt and
inhibited by ATP. The ethanol treatment of Pa did not result in any
change in phosphatase activity, whereas ethanol treatment of Pb re~
sulted in a 90% increase in activity. When compared to the cytosol
phosphatases, Pa and Pb, the membrane-bound phosphatases, Ma and Mb,
have similar chromatographic characteristics and manifest similar
behavior after treatment with ethanol. Chromatography of cytosol
protein phosphatase from renal cortex resolved two peaks of activity
similar to those separated from the cytosol fraction of renal medulla.
In the cytosol fraction from renal cortex, however, there was a Mn -
dependent protein phosphatase that was activated only in the presence
of Mn++.

Incubating isolated papillary plasma membrane (PPM) with ATP
resulted in endogeneous phosphorylation, which was increased by cyclic
AMP, Purified protein kinases, MPK II and CPK II, or the catalytic
subunit of these kinases were capable of phosphorylating PPM, and
isolated renal protein phosphatase dephosphorylated PPM. PPM-bound
proteins with molecular weights of 38,000, 50,000 and 100,000 are
phosphorylated, and cyclic AMP slightly enhances the phosphorylatioh

of these proteins. The major protein that is phosphorylated is

vi




characterized by a molecular weight of 50,000 dalton and is designated
protein P-50. The characteristics of P=-50 can be summarized as fol-
lows: 1) In the absence of cyclic AMP, it is phosphorylated. This
phosphorylation is not affected by the presence of phosphatase.
2) In the presence of cycli; AMP the phosphorylation of P-50 is
enhanced provided that phosphatase activity is mnegligible in the assay
system. On the other hand, P-50 is dephosphorylated in the presence
of cyclic AMP when phosphatase activity is manifest in the system,
Purified MPK II and CPK II both manifest autophosphorylation and
cyclic AMP-dependent dephosphorylation, and the autophosphorylated
moieties of both of these enzymes have a molecular weight of 50,000
and can be identified as the regulatory subunit of protein kinase.

As in the case of cyclic AMP-dependent protein kinase from car-
diac muscle, the phosphorylated renal holoenzyme (RC) appears to be a
poorer substrate for renal protein phosphatase than its dissociated
phosphorylated regulatory subunit (R). Thus, the cyclic AMP~induced
dissociation of R from RC renders the phosphorylated R moiety suscep-
tible to protein phosphatase action, thereby explaining the cyelic

AMP-dependent dephosphorylation of protein P-50.
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I. INTRODUCTION

1. Background

Water is the major component of living organisms. In vertebrates
457~807% of body weight is attributable to water, over half of which is
within cells. Water serves as the principal physical environment and
medium for the transfer of energy as well as for the exchange of chemi-
cal substances needed to support the metabolism of living systems.
Thefefore, it is essential for a living organism to regulate its con~
tent of body water in response to changes in osmolality within body
compartments. Mammalian organisms are endowed with various mechanisms
for the homeostatic regulation of water, such as controlling the in-
take by thirst (1), but the antidiuretic hormone (ADH) mechanism, which
allows variations in osmolality in the body to be in small amplitudes
about a well kept mean, is especially important because it saves time
and energy which would otherwise have to be speant in continually search-
ing for water.

The discovery by Oliver and Schidfer (2) in 1895 of a pressor effect
in mammals upon injection of a bovine pituitary extract constituted the
beginning of an intricate trail of research leading to the present
active interest in the function and biological activity of vertebrate
neurohypophyseal principles and, more specifically, in the chemical
and physiological nature of their interaction with target organs. Less
than twenty years thereafter, the following additional primary bio-
logical effects of neurohvpophyseal extracts had been defined:

oxytocic (3), milk-ejecting {(4), avian depressor (5) and antidiuretic



(6) activities. On the other hand, this early period saw little pro-
gress bearing on questions related to the chemical nature of the factor
responsible for the biological effects of this extract until 1919 when
Dudley (7,8) was able to secure a partial separation of the oxytocic
and pressor—antidiuretic activities by means of butanol extraction of
an aquéous pituitary solution. It was not until 1949, however, that
the first peptide, namely, oxytocin, was obtained in a highly purified
state from pituitary extract (9). Pierce and du Vigneaud (10) showed
that oxytocin was comprised of eight amino acids and subsequently un-—
raveled the sequence of amino acids by means of desulfurization, per-
formic acid and bromine water oxidation, Edman degradation (11) and
partial hydrolysis, concluding that oxytocin was an octapeptide con-
taining a ring formed by a disulfide~bridged pentapeptide unit (12).
The isolation of arginine-vasopressin (AVP) from bovine pituitary (13)
and lysine-vasopressin (LVP) from porcine pituitary (14), the elucida-
tion of their primary structures, and the synthesis of these hormones
were accomplished by du Vigneaud and his associates (15-17). The
primary structure of arginine-vasopressin differs from that of oxy-
tocin only in that a phenylalanyl residue replaces the isoleucyl
residue at position 3 and an arginyl residue replaces the leucyl
residue at position 8. In turn, the structure of lysine-vasopressin
differs from that of arginine-vasopressin only in that a lysyl residue
replaces the arginyl residue. The primary structure of arginine~vaso-

pressin, the natural ADH in humans, is as follows:

H—C;’rs—Tyr—Phe—Gln—Asn-cirs-Pro-Arg—Gly-NH2

The vasopressins are the natural ADH's in warm-blooded vertebrates,



and in terms of evolution, vasopressins are old hormones that evolved
from the closely related parent hormone arginine-vasotocin (AVT), which
is the natural ADH found in most cold-blooded vertebrates (17). ADH

is present throughout the vertebrate subphylum where it serées primérily
. to promote water transport across particular epithelial membranes. The
role of this hormone is unique in dealing with momentary changes in
hydration that must turn on and off rapidly. Accordingly, the half

life of ADH in the bloodstream is very brief, of the order of 3~5 min~-
utes.

2. The Physiology of ADH Action

The effect of ADH om transport processes in epithelial tissues has
been and continues to be extensively studied. It is clear that under~
standing the physiological effect of ADH on amphibian epithelia and
mammalian renal tubular epithelia will form the basis for analyzing the
pathophysiology of clinical disorders of‘certain membrane transport
processes such as nephrogenic diabetes insipidus.

The chief targets for ADH are the renal cortical collecting tubule
and the medullary collecting duct (18-20). In amphibia, the hormone
increases the permeability of the skin and urinary bladder to water
(21-24). 1In studies of ADH action on frog skin (22-25), toad urinary
bladder (19,20,23,26,27) and rabbit cortical collecting tubule (19,
20), it has been shown that ADH affects a limiting water perme-
ability barrier at the apical membrane of the celi. ADH also in-
creases the permeability of amphibian skin and bladder and of mammal-
ian medullary collecting duct but not of cortical collecting tubules
to urea (19,20,29). Tissue-~labelling methods have shown that the

apical cell membrane is the site of the ADH effect on permeability to



urea in amphibia (26). ADH also stimulates the active transport of
sodium across amphibian skin and bladder (19,22-24,26) but only exerts
a minor effect on the sodium reabsorption from the collecting duct (19,
20,28-30). The nature of the physiochemical change in the membrane re-
sponsible for the action of ADH is not yet known.

3. The Dual-Barrier Model for ADH Action

Capraro and Bernini (31) were the first to show that ADH dramati-
cally inecreases the rate of water movement across the frog skin from
the apical to basal-lateral side. Ussing and his colleagues (22,32,
33), in their pioneering studies of water transport across ADH~sensitive
epithelia, suggested that water traversed the membrane through aqueous
channels by means of bulk flow and that ADH caused the diameter of these
channels to increase. They also showed that the hormone appreciably
increased the open—circuited transepithelial potential difference
(32), the short~circuit current (32) and net apical to basal-lateral
flux of sodium (32) and that the net flux of thiourea and acetamide in-
creased in proportion to the rate of osmotically induced water flow in
the same direction in ADH-treated frog skin (33). Later Ussing and
MacRobbie (25) established that the apical surface of amphibian skin
was the rate-limiting step for transepithelial movements of water and
solute.

Andersen and Ussing (33) integrated these results into the classi-
cal dual-barrier hypothesis for the action of ADH on amphibian epi-
thelia. Apical surfaces were pictured as a series of barriers, a
dense outer diffusion barrier that admitted water freely, limited

solute penetration and was unresponsive to ADH, and a porous inner
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barrier that was sensitive to ADH. It was proposed that the pores in
the inner barrier were sufficiently large to permit laminar flow of
water and that ADH increased the radii of these pores.

Leaf and his co-workers (27,34-36) subsequently developed con-
vincing arguments in support of the view that a dual-barrier model
could account for the effects of ADH on toad urinary bladder. Leaf and
Hays (35) concluded that the outer diffusion barrier of the apical sur-
face was rate~limiting to the movement of small solutes whose permea-
tion rates were unaffected by ADH, while the inner porous barrier of
this surface limited the tramsport of water, urea and other small
amides. In agreement with the Andersen-~Ussing hypothesis, ADH was
considered to increase the radii of pores in the inner barrier. On
the basis of subsequent experiments involving the combined use of ADH
and amphotericin B, Lichtenstein and Leaf (36,37) argued that ADH
might also enhance the diffusion of sodium and urea through the dense
outer barrier.

4, The ADH Effect in Mammalian Renal Tubules

The effects of ADH on transport processes in mammalian renal
tubules, particularly in the case of water permeation, are quite
similar to the effects of the hormone on the amphibian skin and toad
urinary bladder.

It is believed that ADH exerts the three following actions on che
kidney: (a) It increases the permeability of the distal convoluted
tubule, the collecting tubule and the collecting duct to water, (b) it
also increases the permeability of the collecting duct to urea, but does
not affect that of the distal convoluted tubule or cortical collecting

tubule, and (c) it directly stimulates sodium reabsorption in the



collecting duct (18,19,38-41).

Release of ADH into the circulating blood plasma increases the
permeability of the distal tubule éo water in some species (39,41),
which then permits fluid entering the distal segment from the loop
of Henle to become rapidly isotonic with cortical interstitial fluid
and blood plasma. Consequently isotonic fluid enters the collecting
ducts, the permeability of which is also increased by ADH; this in
turn allows water to diffuse into the hypertonic medullary and papil-
lary interstitium. The final urine is reduced in volume compared with
the original filtrate and comes into osmotic equilibrium with the in-
terstitial fluid of the tip of papilla. 1In the absence of ADH, the
hypotonic tubular fluid which enters the disgtal nephron in large volume
is further diluted by reabsorption of solute in the distal tubules and
collecting ducts, and water diuresis ensues (18,19,38,39,41).

A number of micropuncture studies have shown that ADH increases
the rate of either diffusion and/or osmotic water flow across the mam-
malian distal tubule and papillary collecting dﬁct (18,28,29,42,43),
Grantham et al. (43) have clearly shown that the apical surface of the
isolated cortical collecting duct is both the rate-limiting step for
water permeation and the barrier whose water permeability is increased
by ADH. Grantham (42) has also demonstrated that the hydroosmotic
action in cortical collecting ducts is accompanied by increase in the
mechanical compliance of the latter. ADH has no effect, however, on
the permeability of urea, thiourea, and acetamide in collecting ducts
(42-45).

5. The Separation of ADH Effects on Water, Sodium and Urea Permeation

A substantial body of evidence has now accumulated to indicate



that the effects of ADH on water, sodium and uréa permeation may be
dissociated from each other. ADH affects the so-called tight epithelia
(46), which have relatively high electrical resistances in the range
200-2,000 ohm-cm? (47). The ADH-dependent increments in water perme-
ation in amphibian skin and toad urinary bladder are accompanied by
increases in the permeability of small amides (33,36), in net sodium
transport (32,36,48) and transepithelial electrical conductance (35,
36,49). Wright and Sharp (50) have argued that, in toad bladder, a
direct action of ADH at lower concentration increases the sodium perme-
ability of the apical membrane, whereas an indirect action of this
hormone at higher concentrations elicits the hydroosmotic effect via an
increase in the intracellular concentration of cyclic 3',5',-adenosine
monophosphate (ecyecliec AMP).

In isolated segments of the rabbit distal nephron, the effects of
ADH on permeation of water, sodium and urea are clearly separable. In
cortex (30,42,43,51), outer medulla (51) and papilla (52) ADH in-
creases the permeation of water in a manner similar to that seen in
amphibian skin (25) and toad bladder (20) but has no effect on the
permeation of urea and small amides (43,44,52) nor on the transepi-
thelial electrical conductance. The effects of ADH on the open—cir-
cuited transepithelial patential difference and on net transport of
solutes from the lumen are minor (53,54).

Urea and water appear to have separate channels of transport in
epithelium because urea does not inhibit water permeation in toad
urinary bladder. Levine et al. {(55) have shown that phloretin in-

hibits permeation of urea but not of water in toad urinary bladder (56)



and dogfish kidney (56) both in the presence and absence of ADH, and
they have obtained comparable results in toad bladder with tanning
agents such as chromate and tannic acid (57). Net transport of sodium
and the permeabilities of relative lipophilic species such as ethanol
and ethylene glycol are all unaffected by phloretin, tannic acid and
chromate either in the presence or in the absence of ADH (55,37).

In amphibian epithelia, permeation of water can be décreased under
certain conditions without affecting that of solute. Peterson and
Edelman (58) have shown that in isolated toad bladder an elevated

'conéentration of calcium in the bathing medium is antagonistic to the
ADH-induced increase in permeability to water while ADH-induced in-
creases in the permeation of urea and in sodium transport are reduced

slightly or not at all. In the aquatic toad Xenopus laevis, ADH

stimulates sodium transport markedly, but has little or no hydroosmotic
effect (59,60). Lipson and Sharp (61) have reported that in toad
bladder prostaglandin Eq enhances and inhibits, respectively, ADH-de~
pendent stimulation of sodium and water transport.

A number of other agents have comparable effects. Chloropromazine
irreversibly inhibits the ADH-dependent increment of permeaiblity to
water, but increases solute permeation and enhances the ADH~dependent
stimulation of sodium and water transport (62). Quinidine (63) in-
hibits and stimulates, respectively, the ADH-dependent increment in
water and net sodium transport. Similarly, cytochalasin B (64,65),
colchicine (65), vinblastine (65), podophyllotoxin (65) and cortisol
(66) inhibit the hydroosmotic response to ADH, but do not interfere
with the stimulatory effects of the hormone on sodium or urea trans-

port.



The general anesthetics such as methoxyfluorane and halothane in-
hibit ADH-dependent increases in water but not urea permeation (67).
This finding is interesting since Pauling (68) suggested that anes-
thetic agents may decrease the fluidity of membranes by forming ice-like
clathrates within the hydrophobic region of the membrane, and recent
observations (69) of lipid bilayer membranes by nuclear magnetic
resonance spectroscopy have provided direct experimental evidence in
support of the assumption that ADH may facilitate water (70) and
lipophilic solute (71,72) permeation by increasing the fluidity and/or
solubility characteristics of the apical membrane.

A number of agents inhibit sodium transport but not water perme-
ation in toad urinary bladder. The diuretic amiloride (73) and the
antimicrobial agent CM-55 (74) interfere with sodium but not water
entry at apical surfaces, either in the presence or absence of ADH.
Verapamil, a coronary vasodilator and anti-arrhythmic drug, blocks
the stimulation of sodium but not water transport produced by adding
either ADH or cyclic AMP to basal-~lateral surfaces of toad urinary
bladder (75). Replacement of sodium by lithium reduces basal and ADH or
cyelic AMP-stimulated short—circuit current and sodium transport, but
does not affect the hydroosmotic response to ADH (76).

In summary, it 1s evident from the preceding discussion that in
ADH-sensitive epithelia the effect of ADH on water, sodium and urea—-—or
other small amide---permeation may be dissocilated.

6. The Effect of ADH on Sodium Transport

As mentioned above, ADH affects the transport of sodium as well as

the movements of water and urea. Leaf et al. (34,35,48) observed that



ADH increased the rate of active transport of sodium across isolated
toad bladder and proposed that the hormone increases the permeability
of the outer (36,37) or inner (35) barrier of the apical surface to
sodium. As a result, ADH mediates an increase in the intracellular
concentration of sodium, which in turn increases the rate of active
pumping through the basal-lateral membrane. This mechanism was pre-
sumed to pertain in amphibian skin (22,33,77) as well as in toad bladder
(35,36,48,78).

Three observations provided support for this view. First, the
apparent total tissue pool of sodium increased with ADH stimulation
(77-80). Second, both net sodium transport and the apparent pool of
sodium in the epithelium increased as apical concentration of sodium
was increased (77,79-8l). Third, microelectrode studies showed that
the apical membrane had a considerably higher electrical resistance
than the basal-lateral surface, and that ADH decreased the resistance
of the apical membrane of the epithelium with little change in the re-
sistance of the basilar membrane (82,83).

The apparent saturation of sodium entry across amphibian apical
membranes at apical solution concentrations of 30-50 mM (78) is con-
sistent with the possibility that these surfaces contain a saturable
transport system (59,85), which may consist of channels or ionophores
specific for sodium. In toad bladder, ADH might activate or accelerate
the turnover number of these channels or ionophores in apical mem—
branes.

In mammalian cortical collecting tubules, ADH exerts no consistent

effect on sodium transport or electrical conductance (53,54). For
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example, in rabbit collecting tubules (42,43), ADH has no effect on
sodium transport, whereas it increases the movements of water and
lipophilic solutes in a manner similar to that observed in toad bladder
(35, 36). Thus, in ADH-sensitive epithelial cells, water and certain
lipophilic solutes appear to traverse the apical plasma membrane via
separate pathways in parallel with the route for sodium permeation. In
summary, in amphibian epithelia, ADH activates multiple systems; in
mammalian cortical collecting tubules, it stimulates the movements of
water and lipophilic solutes but not the movement of sodium.

7. The Role of Cyclic AMP in ADH Action

It is well established that the effects of ADH on transport pro-
cesses in hormone-sensitive epithelia are mediated in accord with the
second~messenger hypothesis (86-88). ADH binds to receptors on the
basal-~lateral surface of responsive epithelial cells and results in the
activation of adenyl cyclase, which catalyzes the synthesis of cyclic
AMP from ATP. The evidence for this chain of events has been reviewed
extensively, both in regard to ADH-receptor interactions (89-93) and
control of imntracellular levels of cyclic AMP in amphibian epithelia
and mammalian renal tubules (86-88,92,94). Intracellular cyclic AMP
may involve the two following systems: (a) an intracellular membrane-
bound phosphorylation-dephosphorylation system and (b) intracellular
microtubule and microfilament structures.

The hypothesis that the physiological effects of ADH on hormone~
sensitive epithelia are dependent on cyclic AMP was originally pro-—
posed by Orloff and Handler (86-88). It was initially observed that

cyclic AMP and theophylline (an inhibitor of phosphodiesterase)
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reproduced the effects of ADH on movements of water, sodium and urea in
toad urinary (87). It was shown that the content of cyclic AMP in the
toad bladder epithelium was increased following exp03urévto a physio-
logically active concentration of ADH (95). ADH raised adenyl cyclase
activity in tissue slices, cell homogenates and membrane fractions of
mammalian renal medulla (90,95-98), but not in those of renal cortex
(97). ADH-receptor interaction has been shown to be both specific
for tissue and localized to basal-lateral membranes (99). Intra-
cellular activity of adenyl cyclase is also proportional to the degree
of hormone binding on receptor sites (89,100).

Orloff and Handler (88) have pointed out that the modulation of
ADH effects might occur at one or any combination of four steps: (a)
hormone~receptor interaction, (b) adenyl cyclase activity, (c) cyclic
AMP degradation mediated by cyelic nucleotide phosphodiesterase and
(d) direct interaction of cyclic AMP with cellular mechanisms re-
sponsible for changes in membrane transport processes.

8. Mechanism of Cyclic AMP as Second Messenger

The importance of cyclic AMP in the regulation of glycogen metabol-
ism was first recognized in 1957 (101). Cyclic AMP-dependent protein
kinase was discovered in muscle in 1968 (102). The latter two findings
not only led to elucidation of the pathway by which epinephrine stimu-
lates glycogenolysis in mammalian muscle, but they have also had a pro-
found effect on studies of the mechanism of action of many other hor-
mones. It is apparent that a number of hormones, including ADH
raise the level of cyclic AMP in different tissues (103). The acti~-

vation of protein kinase, at present, appears to be a major mechanism
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by which cyclic AMP carries out its function as second messenger (104~
109). 1In the animal cell, the hypothesis that protein kinase mediates
all the effects of cyclic AMP is supported by many examples (104-109).
No high affinity binding protein for cyclic AMP, other than the regu-
latory subunit of cyclic AMP-dependent protein kinase and phosphodies-
terase (104,108,109), has yet been associated with eukaryotes. Cyclic
AMP-dependent protein kinase is found in all mammalian tissues (105~
109), and it is present in many of these tissues at approximately the
same levels of activity (105-109). These observations support the
idea that the enzyme is involved in the control of a number of pro-
cesses other than glycogenolysis and have led (lOS—lOQ)lto the concept
that most if not all of the action of cyclic AMP in mammalian systems
may be mediated by the phosphorylation of particular proteins.
Greengard and his colleagues (105) were the first to propose that
regulation of protein kinases may be a general mechanism through which
the diverse bioclogical effects of cyclic AMP are mediate@. According
to this hypothesis, a peptide hormone acts on a receptor that is
present on the outer membrane of the target cell to cause the generation
of cyclic AMP within the cell, which in turn activates intracellular
protein kinase to phosphorylate various protein substrates within the
cell. Thus the activation of cyclic AMP-dependent protein kinase is
not unique to any one particular hormone, and this enzyme is found
in a variety of tissues activated by different hormdnes. Since
phosphorylation can affect the biological function of proteins in a

variety of ways, this elegant theory provides a unifying concept
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that can explain the great diversity in the effects of different

" hormones (105-106). [The criteria for mediation of an effect of
cyclic AMP by phosphorylation of a protein were established by Krebs
(107) and refined by Nimmo and Cohen (108).]

Epinephrine acts on liver cells and skeletal muscle cells to
accelerate glycogen breakdown and to reduce glycogen synthesis (107-
110), the substrates of the protein kinases of their epinephrine-
activated target cells being phosphorylase kinase and glycogen synthe-
tase, respectively (106-110). The control of the state of phosphory-
lation of phosphorylase kinase, phosphorylase b and glycogen synthetase
serves to regulate glycogen metabolism in liver and muscle cells (107~
109). Cyclic AMP activates phosphorylase b kinase kinase (PBKK) which
phosphorylates inactive phosphorylase b kinase (PBK) thus converting
inactive (dephospho) PBK to active (phospho) PBK. Active PBK in turn
converts phosphorylase b (an inactive entity) to phosphorylase a (an
active enzyme).

Larner and colleagues established the existence of two forms,

D and I, of glvycogen synthetase (111,112). Like the phosphorylase
system, the two forms of glycogen synthetase are interconvertible by
phosphorylation and dephosphorylation, except that the phosphorylated
glycogen synthetase is the less active form (D form). The phosphoryla-
tion and inactivation of glycogen synthetase was shown to be catalyzed
by the same cyclic AMP-dependent protein kinase which had served to
phosphorylate inactive phosphorylase b kinase (113). The discovery of

covalent modification of interconvertible enzymes led to the development
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of a new concept of metabolic regulatory function--namely, the enzyme
cascade system (114-116).

Whether this type of control mechanism also extends to other
biochemical and physiological processes is not clear. However, the
regulation of enzyme action through the mechanism of interconversion
of active and inactive forms by covalent modification can provide
rapid switches of enzymatic activity to meet the variable demands of
cellular environment. Modification of enzymatic activity through
phospho;ylation—dephosphorylation is a good example of an intracellular
control mechanism of hormonal action.

9. Cyclic AMP-Dependent Protein Kinase

Protein kinases are the enzymes which catalyze the transfer of the
Y-phosphate of mucleotide triphosphates to the side chain of amino
acid residues in protein substrates. Although the receptor amino
acids may be histidine, lysine and argininme (117-119), protein kinases
generally catalyze the formation of phosphoester bonds with serine
and threonine residues (104,106-109).

Protein kinases have been categorized into cyclic nucleotide-
dependent and cyclic nucleotide~independent kinasés. The criteria for
the classification into these two categories are as follows: Cyclic
AMP-dependent protein kinase (CPK) binds cyclic AMP, is stimulated
by cyclic AMP and is inhibited by a particular inhibitor protein (120).
Although the catalytic subunit of the cyclic AMP-dependent protein
kinase does not bind cyclic AMP and is not stimulated by cyclic AMP,

the activity of the catalytic subunit is inhibited by the regulatory
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subunit of cyclic AMP-dependent protein kinase and by a heat-stable
inhibitor protein (121). None of the effects mentioned above is
applicable to cyclic nucleotide~independent protein kinases (121).

The cyclic nucleotide-regulated protein kinases are stimulated
by low concentrations of cyclic 3',5'-purine nucleotides and utilize
ATP preferentially as phosphate donor. Cyclic AMP-dependent protein
kinases are ubiquitously distributed in eukaryotes (105,122) and have
been purified to homogeneity from rabbit skeletal muscle (123) and
from bovine heart (124). Cyclic GMP-dependent protein kinases,
which have greater affinity for cyclic GMP than for cyclic AMP, have
also been isolated from a variety of tissues (125-127).

Krebs and his colleagues found that, in addition to phosphorylase
kinase, other proteins, e.g. protamine and casein served as substrates
for CPK (106-108). Langan found that histone can be phosphorylated
by CPK and thereafter histone was adopted as a convenient substrate
for studies on CPK in vitro (168).

The CPK holoenzyme was found to be composed of two dissimilar
subunits, a regulatory subunit dimer (R, monomer R, M. = 49,000-55,000)
which binds cyclic AMP, and two catalytic subunits (C, M. = 38,000~
42,000) which catalyze the phosphotransfer reaction (107-109,123,124,
129-131).

The general mechanism of CPK activation was established (106-110,
123-126,129,130). The interaction events are as follows:

(a) RoCy + 2 cyclic AMP ——> Ry-(cyclic AMP), + 2 C
) PDE ,

(b) Cyclic AMP ———= 5 5'-AMP

(¢) Ry + 2 C——3>RyCy
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(a) The cyclic AMP binding to regulatory subunit (R) causes disso-
ciation of inactive holoenzyme (RC) to yield an active catalytic

subunit (C).

(b) An increase in the concentration of cyclic AMP activates phos-
phodiesterase (PDE) which, in turn, converts the cyclic AMP to

5'-AMP. Thus, the concentration of cyclic AMP rapidly falls to a very
low level, and free regulatory subunit R is produced when the bound

cyclic AMP dissociates.,

(c) The free R rapidly reassociates with C thereby reforming the

inactive holoenzyme.

fhus, the concentration of cyclic AMP controls the amounts of free
catalytic subunit which, in turn, brings about the phosphorylation of
protein substrates.

A cyclic AMP dependent protein kinase can be free in the cytosol
or bound to cell membranes. In addition cytosol CPKs have been
separated into two major fractions in any tissue extracts by ion-
exchange chrométography (106-109,133-135). These fractions have been
identified and referred to as type I and type II (130-133). These
two types of enzymes can be further distinguished by the ability
of histone or high salt concentration to alter their dependence
on cyclic AMP (132-135). Type I protein kinases elute with 0.08-0.10 M
NaCl from DEAE cellulose and their subunits reassociate slowly
following cyclic AMP-induced dissociation. In contrast type II pro-—

tein kinases elute from DEAE-cellulose with 0.15-0.2 M NaCl, dissociate
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slowly upon addition of histone or salt, and reassociate rapidly follow-
ing cAMP~induced dissociation (108,133-135). All tissues examined con-
tain both types of protein kinase, although the proportion of each are
different depending upon tissue and species (108,133,134)

The best studied type I protein kinase was isolated and purified
from rabbit skeletal muscle by Kreb and colleagues (107,123). Later
Rosen 4nd associates purified type II protein kinase from bovine cardiac
muscle (124,129,131). There are both similarities and differences in
the biochemical properties of these two types of protein kinase. Each
enzyme has an Syop.w value of 7.0. Each enzyme binds 2 mole of cyclic
AMP per mole of enzyme and dissociates in the presence of saturating
concentration of cyclic AMP into a dimeric regulatory subunit-cyclic
AMP complex and two catalytic subunits. The isolated subunits recombine,
resulting in the formation of the original holoenzyme. These two iso-
zymes may have similar orvidentical catalytic subunits (Mr=40,000) and
differ only in their regulatory subunits (135) (e.g. with respect to
their sedimentation constants and mobility on SDS gel electrophoresis).
The regulatory subunit of skeletal muscle CPK has a lower molecular
weight (My = 49,000) than the analogous subunit of carduac muscle CPK
(M. = 55,000) (135). The regulatory subunit of- the heart kinase is
rapidly phosphorylated by Mg++ATP, but this does not occur in the case
of the skeletal muscle enzyme. Mg++ATP only binds to type I enzyme,
and thereby lowers its affinity for cyclic AMP. Mg++ATP increases the
dissociation constant for cyclic AMP about 10 fold and decreases the
Hill coefficient; however, in the case of the heart kinase, Mg++ATP

decreases the dissociation constant for cyclic AMP 5-6 fold and in-
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creases the Hill coefficient (129,133,135). Different concentrations

of cyclic AMP are required to dissociate the skeletal and heart muscle
enzymes (129,130,135). The presence of Mg++ATP increases the con-
centration of cyclic  AMP required to dissociate thebskeletal muscle
enzyme but decreases the concentration of cyclic AMP necessary to disso-
ciate the heart enzyme (129,135).

The type II isozyme catalyzes the phosphorylation of its own regu~
latory proteins (2 moles ofvphosphate per mole of holoenzyme) (136,137);
the phosphorylation site has been identified as phosphoserine (136).

The self-phosphorylation reaction is rapid both in the presence or
absence of cyclic AMP. When the reaction rate is slowed by lowering the
concentration of ATP to 0.06 mM, a two fold stimulation of the self-
phosphorylation reaction by cyclic AMP occurs (129,136,137). The phos-
phorylation of the type II isozyme reduces its dissociation constant for
cyclic AMP from 2.8 uM to 0.4 uM and reduces the rate of reassociation of
the dissociated regulatory and catalytic subunits (127). The phos-
phorylated type II isozyme can be dephosphorylated by a phosphoprotein
phosphatase (Mr=30,000) purified from bovine heart (138). The de~
phosphorylation reaction requires the addition of cyclic AMP, which
appears to interact with the substrate (138). Whether these iso-
zymes have different physiological roles remains to be determined.

The cyclic AMP-dependent protein kinase have a broad substrate
specificity (e.g., histone, casein, phosphorylase kinase, glycogen
synthetase, lipase, etc.) (104,107-109). The basic residues on the
N-terminal side of the phosphorylated serine residue may be important

determinants of the substrate specificity of cyclic AMP~dependent pro-
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tein kinases (104,107-109).

Membrane-~bound protein kinases have different properties than
cytosol protein kinases. Uno et al. have purified a membrane-
bound protein kinase from a particulate fraction of bovine cerebral
cortex enriched in synaptic membranes (139). They compared this kinase
to a type II cytosolic protein kinase from bovine heart and found that
the holoenzyme and the regulatory and catalytic subunits differed from
the corresponding components of the cytosolic enzyme with respect to
molecular weight, isoelectric point subunit recombination, catalyvtic
properties and immunological properties. As expected the regulatory
subunit of the membrane-bound enzyme recombined with and inhibited its
own catalytic subunit. Moreover the regulatory subunit from either the
brain or heart cytosol protein kinase could combine with and inhibit
the catalytic subunit of either brain or heart cytosolic enzvme. How-
ever, the regulatory subunit of the membrane-bound protein kinase
could not inhibit the catalytic subunit of either cytosolic enzyme,
nor could the regulatory unit of either cytosolic enzyme inhibit tﬁe
catalftic subunit of the membrane~bound enzyme (139).

Presumably, the specific properties of the membrane-bound protein
kinase reflect a specific functional role for this enzyme.

10. Membrane Phosphoprotein

The interconversion of key enzymes between active and inactive forms
through cycles of covalent modification is an important control mechan-—
ism involved in the regulation of many biological processes (108,109,
140-144). In eukaryotes, phosphorylation has been found to be ome of

the most important metabolic regulatory mechanisms involved in mediating
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the function of a number of hormones (e.g. ACTH, glucagon and epine-
phrine) (103). Because many important cellular functions involve mem-
brane phenomena (e.g. wafer and solute permeability and transport
processes, transduction of neural signals, and secretory processes) and
because biological membranes are a rich source of protein-bound phos-
phate, a number of studies have been directed at the possible physiologi-
cal significance of membrane phosphoprotein of erythrocytes, cells of
secretory tissues, synapses and hormone-sensitive epithelia (108,109).

11. Phosphorvlation-Dephosphorylation and Action of ADH

In the case of tissues that are sensitive to vasopressin, it is
possible that cyclic AMP regulates transport by activation of a ecyclic
AMP-dependent protein kinase. This hypothesis implies that increased
protein phosphorylation alters apical plasma membrane permeability. In
ADH~sensitive tissue of frog bladder (145), toad bladder (146), and
bovine renal medulla (94), cyclic AMP-dependent protein kinase activity
has been demonstrated using exogeneous substrates. The soluble enzyme
from bovine medulla was also found to be capable of phosphorylating a
denatured plasma membrane preparation from the same tissue (94).

In studies of apical and basolateral membrane preparations from
bovine renal papillary cells, vasopressin-sensitive adenyl cyclase
activity was found only in the basolateral membranes and cyclic AMP-
dependent protein kinase activity as detected by phosphorylation of the
membrane fraction itself was found only in the apical membranes (99).
These findings led to the suggestion that apical membrane phosphoryla-
tion might underlie the increased apical membrane permeability that

characterizes the hydroosmotic action of ADH.
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It has been proposed that cyclic AMP alters apical membrane per-
meability by enhancing protein dephosphorylation (147-150). This
latter hypothesgis is based on studies in the urinary bladder of the

toad, Bufo marinus (147,148). These studies involved labeling of blad-

der proteins with 32P—phosphate, exposure of the labeled bladders to
ADH, separation of the bladder (presumably epithelial cell membrane)
proteins to ADH using SDS gel electrophoresis followed by radioauto-~-
graphic comparison of the 32p labeling of proteins derived from hormone
treated versus control bladders. The most prominent hormone effect noted
was a decrease in the 32P content of a protein of molecular weight ap-
proximately 50,000 which was referred to as protein D. A similar
decrease in S2P recovered in protein D was observed when toad bladders
were exposed to monobutyryl cyclic AMP (147,148). This change preceded
the increase in sodium transport measured simultaneously in paired con-
trol hemibladders (147-149). Cyclic AMP lowered the phosphate content
of protein D by increasing its rate of dephosphorylation, an effect
attributed to enhancement by cyclic AMP of the phosphoprotein phos-
phatase activity of the bladder (147-149). Agents that increased
sodium transport (ADH, cyclic AMP, theophylline, adenine, PGEl and
manganese chloride) also decreased the amount of phosphate remaining in
protein D (147). Zinc chloride inhibited sodium transport and increased
the phosphate content of the protein. Change in protein phosphoryla-
tion did not consistently correlate with water permeability changes
(149,150). These results were interpreted by the authors as compatible
with the view that cyclic AMP regulates sodium transport by decreasing

the phosphorylation of a protein (M, = 50,000) through activation
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of a protein phosphatase (148).

Recently, Malkinson (151) et al. ;eported the presence of a
phosphoprotein (M, = 50,000) the dephosphorylation of which was stimu-
lated by cyclic AMP in all vertebrate tissues examined, including toad
bladder. When tissue homogenates containing this phosphoprotein were
labeled with a photoaffinity analogue of cyclic AMP the phosphoprotein
and the cyclic AMP analogue comigrated on electrophorsis, a finding
which led these workers to suggest that the phosphoprotein was the
phosphorylated regulatory subunit of a protein kinase. This comiéra—
tion, however, does not constitute proof of this suggestion. TFor
example, in the human erythrocyte membrane (152), a cyclic AMP binding
protein and a phosphoprotein, both of M. = 48,000 comigrate on gel
electrophoresis, but the two molecules are separable by extraction with
a non—~ionic detergent.

Liu & Greengard (153) showed that treatment of toad bladders with
aldosterone decreases the incorporation of phosphate into the 50,000
dalton protein and enhances its rate of dephosphorylation in the presence
or absence of cyclic AMP. They suggested that aldosterone may regulate
sodium transport by this mechanism. In rat, several other steroid
hormones were shown subsequently to decrease the incorporation of phos-
phate into a soluble protein (M, = 50,000) in their respective target
tissues (154).

The 50,000 daltons protein the dephosphorylation of which appears
to be mediated by cyclic AMP was first referred to as protein D (147)
and later as P-50 (151) and as SCARP, the latter name designating steroid

and cyclic AMP-regulated phosphoprotein (154). Liu and Greengard
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extended their studies by examining toad bladders in which sodium trans-—
port was stimulated by aldosterone (154) and in which the metabolism of
SCARP was studied in a membrane preparation or in cell sap. They found
that more phosphorylated SCARP was present in the membrane preparation
obtained from aldosterone-tfeated tissue than in the preperation obtain-
ed from control tissue. Incubation with aldosterone resulted in mem-
branes that removed phosphate from SCARP more rapidly than untreated
control membranes. The same relationship held in the presence of cyclic
AMP (153). The effect of aldosterone on SCARP phosphatase activity, like
the aldosterone effect om short circuit current, was blocked by spiro-
nolactone and by inhibitors of protein synthesis, but not by nonmineral-—
ocorticoid steroid hormones such as testosterone (133), Thus, aldo-
sterone which stimulates sodium transport without altering cyclic AMP
levels in toad bladder stimulates the activity of SCARP phosphatase
(152).

Although aldosterone by itself has no effect on the permeability to
water in the toad bladder, it alters this permeability response to ADH
(155). Aldosterone alone does not affect tissue cyclic AMP levels in
toad bladder epithelium, but aldosterone does greatly enhance the cyelic
AMP response to vasopressin (153). This is associated with inhibition
by aldosterone of both low Kp and high Kp soluble cyeclic AMP phospho-
diesterase activity (156), a phenomenon which in turn may explain why
aldosterone increases SCARP dephosphorylation because inhibition of
phosphodiesterase serves to maintain or to increase intracellular cycliec

AMP levels.
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The effect of steroid hormones on SCARP appears to be rather

general. Liu and Greengard (154) found that the effects of testosterome
on seminal vesicle and prostate, of estradiol on the uterus, and of
cortisol on the liver, in part, resemble those of aldosterone on the
toad bladder. Target tissues treated with testosterone, estradiol and
cortisol exhibitfreduced rates of phosphorylation of an endogeneous
protein of M,=50,000. This steroid hormone effect was seen only in
the appropriate target tissue and was blocked by cycloheximide (154).
The steroid hormone treatment reduced not only the rate of phosphory-
lation but also the amount of phosphorylation of SCARP in toad bladder,
even under conditions in which phosphoprotein phosphatase activity was
completely inhibited by zinc. Steroid appears to regulate the amount
of SCARP or the agbility of SCARP to become phosphorylated. If we assume
that protein P-50 is the regulatory subunit of a type II protein kinase,
then SCARP also would be the regulatory subunit of a protein kinase.
The reduction in phosphorylation induced by steroids would not be ex-
pected to enhance the response of the kinase to cyclic AMP because it
has been observed that the enzyme is more sensitive to activation by
cyclic AMP when the regulatory subunit is phosphorylated (151).

12. Microtubules and Microfilament

A number of workers have proposed that microtubules and microfila-
ments are involved in the action of cyclic AMP in vasopressin-sensitive
tissue (157,158). Microtubules have been recognized to be associated
with several types of cell movement ( 159 ), and with the translocation

of cell constituents. Microtubules may be involved indirectly in the
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generation of cellular movements concerned with the maintenance of cell
shape, or they may actually participate in processes of mechanico-chemi-
cal transduction analogous to those occurring in muscle (159). Evidence
for a role of microtubules in the cellular action of ADH is based on the
observation that microtubule~disrupting alkaloids such as colchicine,
vinblastine or podophyllotixin inhibit the hydrcosmotic response to ADH
and exogeneous cyclic AMP in the amphibian urinary bladder (65,158). In
contrast to the inhibitory effects of the alkaloids on vasopressin and
cyclic AMP-induced water movement, colchicine, vinblastine and podohyllo-
toxin were found to have no effect on the active transport of sodium
across the bladder after a 4 hour exposure of the toad bladder to these
alkaloids (157). This finding indicates that the effect os vasopressin
on water and sodium movement involves separate cellular mechanisms, a
conclusion which is in accord with the fact that the effect of vaso-
pressin on water movement is calcium-sensitive, whereas the effect of
the hormone on sodium transport is not (157). Taylor et i}' also have
evidence that the inhibitory effect of colchicine on vasopressin in-
duced water movement depends on the interaction of colchicine with tubu-
lin in the target cells (65,157). Their studies indicated that tubulin
accounts for an appreciable quantity of the soluble protein of bladder
epithelial cells.

On electron microscopic examination of untreated bladders, microtu-
bules appeared to be randomly distributed in the cytoplasm of the granu-
lar cells; in the colchicine-treated bladder (157) the microtubules in
the granular cells were reduced in number. These observations suggest
that intact cytoplasmic microtubules are required for the cellular action

of vasopressin, probably in steps subsequent to the generation of cyclic AMP.
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Dousa et al. examined the influence of ADH and cyclic alkaloids had
no effect on the basal permeability to water across the tissue, However,
the vasopressin-stimulated increase in water movement was reduceé in a
concentration dependent manner in hemibladders that had been exposed to
each of these agents. The non~hormonal hydroosmotic response elicited
in the amphibian bladder by hyperosmolar medium was not inhibited by
colchicine (65). Colchicine and vinblastine also blocks the anti-
diuretic response to exogeneous ADH in the unanestetized rat (160) and
diminishes the antidiuretic response to ADH in the anesthetized rat
(160). These alkaloids, in the doses employed, have no major effect on
other renal functions (159-161). Intraperitoneal colchicine given to
rats over several days reduces the antidiuretic effect of exogeneous
vasopressin without significantly affecting solute execretion (157,160)
vinblastine has the same effect. Neither of these agents inhibits adeny-
late cyclase, phosphodiesterase or cyclic AMP-dependent protein kinase
in vitro (157, 158).

While colchicine and vinblastine in low concentrations have no
effect on the aétivities of enzymes postulated to participate in the
cellular action of ADH in vitro (158,160), vinblastine in the same low
concentration range blocks microtubule polymerization in cell-free
renal medullary extracts (162-164).

In contrast to their inhibitory effects on wvasopressin-induced and
cyclic AMP-induced water movement, colchicine, vinblastine and podo-
phyllotoxin were found to have no effect on the rate of microtubule
polymerization in the renal medulla (163). Vinblastine and LiCl both
block vasopressin action in wvivo, and diminish the rate of microtubule
polymerization (162,163). An increase in intracellular calcium con-

centration also reduces microtubule polymerization and decreases the
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target organ response to vasopressin. In the same way guinidine re-
duces microtubule polymerization by 50% and also inhibits the hydro-
osmotic response to ADH in the toad bladder. However, ADH has no direct
effect on the polymerization of microtubules, nor do increases in intra-
cellular cyclic AMP levels affect the polymerization of microtubules
(158,163-165). Although cyclic AMP dependent protein kinase has been
found to phosphorylate tubulin from brain and phosphorylation appears
to facilitate microtubule assembly, tubulin is not a very good sub-
strate for protein kinase (158,165). It appears that cyclic AMP de-
pendent—-protein kinase can phosphorylate tubulin or microtubule asso-
ciated protein, but it is unknown whether such phosphorylation in-
fluences microtubule function in renal medullary tissue. The avail-
able information does not as yet identify any relationship between
cyclic AMP dependent phosphorylation and microtubular function in the
mediation of the cellular action of wvasopressin. At the present time
it appears that the two processes are not immediately related but
rather that they are involved in an independent and parallel way in the
overall coordinated response to the hormone.

There are also several points to be determined before we can assess
the precise role of microtubules in the ADH-induced increase in water
permeability. The inhibitory action of colchicine and related agents
on the permeability response to vasopressin and cyclic AMP are in all
probability referable to an effect of these agents on cytoplasmic micro-
tubules, because little if any tubulin is associated with the plasma
membrane of toad bladder or rat medullary epithelial cells (162).

Prior to the studies implicating microtubular function in the membrane
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action of vasopressin, it has been demonstrated that in the presence of
the hormone there was an increase in the frequency with which cyto~
plasmic granules moved to and fused with apical plasma membranes of toad
bladder epithelial cells, and it was postulated by Masur et al. (166)
that this enhanced addition of granule membrane to cell membrane may
account for the characteristic ADH-induced increase in apical membrane
permeability. This hypothesis is in accord with the fact that, in other
tissues, microtubules are associated with intracellular movement of
secretory granules and exocytosis.

13. The Fine Structure of Toad Urinary Bladder Epithelium and Action

of ADH

Over the last twenty years, the toad urinary bladder has been proved
invaluable as a model system for the study of transport systems and the
mechanisms whereby hormones such as vasopressin and aldosterone modulate
these systems. Since the epithelium of toad urinary consists of single
layer and four morphologically distinct cell types, there is a strong
possibility that these diverse cell types differ with respect to their
transport physiology and/or with respect to their response to hormones.
Before we conclude our discussion of the mechanism of action of ADH on'
renal tissue, it is important to consider the action of ADH on the am-
phibian urinary bladder. During the past 25 years it has been estab-
lished that the apical border of the vasopressin-sensitive epithelial
cell represents tha rate-limiting barrier for permeability to water and
therefore constitutes the final site of action of the antidiuretic

hormone.
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There are four types of cells in the mucosal epithelium,
namely, granular, mitochondria~rich, goblet and basal cells
(167,168). Although the earlier studies showed and only three of these
cell types are in contact with urinary surface, more recent observations
with EM scanning showed that mitochondria~rich cells have demnse, thick,
rounded microvilli which are arrayed in relative small, narrow areas
between the apical borders of granular cells. The granular cells are
polygonal flat and contain microvilli that vary in length and density
from cell to cell. The granular cell junction forms a ridge which seems to
consist of an elevated sequence of microvilli adhering to each other
(168).

The granular cell has a markedly higher content of the character-
istic lysosomal hydrolase acid phosphatase and cathepsin B1 than that
found in. the mitochondria=rich cell (169). Incubation of granular
cells with vasopressin elicits a significant increase of water and
calcium content and an increased extracellular release of lysosomal
enzymes as compared to untreated control cells. In the case of mito~
chondria-rich cells treated with vasopressin, cell calcium aeclines
slightly, but no significant increase in water content or extracellular
hydrolase activity has been detected in comparison with paired control
cells (167).

Osmotic water flow is routed through the epithelial cells rather
than through the apical tight junetion (167,170). Since both radio-
active tracer (170) and electrophysiologic (35,171) data indicate that

the effect of vasopressin on sodium transport is mediated at the apical



plasma membrane, and since the apical effect of vasopressin increase

the volume of the granular cell resulting in bulk water flow limited to
these cells, it was assumed that the hormonal effect on net sodium
transport is also limited to the granular cell (167). The mitochondria-
rich cells, as this designation indicates, contain a higher concentration
of mitochondria than do the granular cells; this suggests that they
subserve functions coupled to oxidative metabolism. Using scanning and
transmission electron microscopy, Danon et al. (168) discovered that

cell counts reveal Bufo marinus toad bladder epithelium contains 3 or 4

granular cells -to 1 mitochondria-rich cell.

Handler et al. (172), employing the technique developed by Scott
et al. (173) to separate the mitochondria-=rich and granular epithelial
cells of toad urinary bladder, showed that mitochondria-rich cells and
granular cells both contain vasopressin-sensitive adenylate cyclase at
the same levels of specific activity. Also both types of cells were
found to have cyclic nucleotide phosphodiesterase activity. At low
substrate concentrations, the enzyme in granular cells is more active
than the enzyme in mitochondria-rich cells (172).

After immunofluorscent localization of cyclic AMP in toad bladder
epithelial cells, Goodman et al. (174) found increased levels of cyclie
AMP in all epithelial cell types within 2 min following exposure to
vasopressin.

Incubation of granular cells results in release of lysosomal hydro-
lase, acid phosphatase and cathepsin B1 (169). The physiological

significance of acid proteinase released from granualr cells is unclear;
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however, proteinase inhibitor which suppresses the activity of cathepsin
Bl selectively antagonized the action of hormone on water permeation.

+ and

It was suggested that alteration of the intracellular level of Ca
of lysosomal hydrolase activity in granular cells may be related to ADH-
induced increases in permeation (169).

Recently Zusman et al. (175) showed that vasopressin stimulates
prostaglandin E, (PGEZ) biosynthesis in the toad urinary bladder by a
mechanism that does not depend on the increase in intracellular cyclic
AMP level. Neither cyclic AMP nor theophylline stimulates PGE bio-
synthesis, although both of the agents mimic the effect of arginine
vasopressin on water permeabilty. Prostaglandins El and E2 inhibit the
water permeation response of the toad urinary bladder to vasopressin
and to theophylline but do not inhibit the response to cyclic AMP (176,
177). Thus inhibition by PGE of the response to ADH is mediated at the
level of adenylate cyclase and appears to be a built-in counter regula-

tory mechanism for modulation of the hormonal action.

In general, the apical and basolateral regions of the epithelial
cell membrane may be distinguished by several ultrastructural and cyto-
chemical characteristics. Thus, the apical plasma membrane of toad
bladder epithelium is covered by an outer coat of "fuzz" or glyecocalyx
(178). This glycocalyx contains sugar and protein in abundance as indi-
cated by staining characteristics and susceptibility to proteolytic en-
zymes (179). It binds cationic dyes (180) as a consequence of its an-
ionic surface glycoprotein (181). Pisam and Ripoche (182) found that

the glycoprotein coating the apical surface of the frog urinary bladder
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epithelial cell differs from that which lines the lateral and basal
surfaces. After dissociation and isolation of the epithelial cells,

the material previously confined to the apical surface invaded pro-
gressively the open tight junction, then the lateral membrane and
finally the basal membrane; ultimately the whole cell surface was en-
tirely enveloped by tﬁe apical material. Thus, in the intact epithelial
sheet the tight junction appears to play a rolebin confining one or more
apical surface constituents to the luminal aspect of the epithelium and,
in this manner, the tight junction may contribute to maintaining the
specialization of vasopressin-sensitive epithelia (where the apical
membrane must be maintained as a hormonally modifiable permeability
barrier).

14. The Effect of ADH on the Epithelium Membrane Structure

Chevalier et al. (183), using the freeze-fracture technique to study
the fine structure of the plasma membrane of frog urinary bladder epi-
thelial cells at rest and after oxytocin treatment, found that the ex-
ternal or cytoplasmic leaflet (A face) of the apical membrane of epi-
thelial cell is characterized by (1) a markedly reduced number of mem-
brane-associated particles as compared to the A face of the lateral
membrane of this cell and (2) the presence of numerous areas of clustered
particles only in the membranes derived from bladders that were treated
with hormone. Wade et al. (184) confirmed these findings in the toad
urinary bladder and in addition noted (1) that the majority of particles

are located on the fracture face B (outer membrane face) in the case of

the luminal membrane whereas the majority of particles are located on the
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fracture face A (inner membrane face) in the case of the basal mem~
brane and (2) that the A and B fracture faces of the basal membrane have
a similar distribution of particle size in the case of the luminal mem—
brane whereas the B face has particles which are generally larger than
those found on the A face. This structural specialization of the granu-
lar cell luminal membrane may be related to the permeability functions
and to the hormonal regulation of these functions. Kachadorian et é}'
(185) observed a vasopressin-induced and a cyclic AMP~induced aggrega-
tion of the intramembranous particles in orderly linear arrays at
multiple sites in the luminal membrane specifically of the granular
cell, specifically in response to hormonal challenge of the serosal
aspect of the bladder, independently of the presence of an osmotic
gradient. The degree of vasopressin—-induced particle aggregation in
terms of the number of cluster per unit area of membrane or the cumu-
lative area of membrane occupied by clusters is closely correlated with
the induced changes in osmotic water flow. Thus, the aggregates per se
may be of physiological significance in the mechanism of action of wvaso-—-
pressin.

In further study of this phenomenon, Kachadorian et al. (186) found
that the aggregation response first became detectable after 2.5 minutes
of exposure to ADH when osmotic water flow is in the process of initia-
tion. The aggregation phenomenon was found to be maximal at 30 minutes
when water flux is also maximal; aggregation was dramatically diminished
5 minutes after hormone washout when the induced osmotic water perme-
ability is also almost completely attenuated. These data provide strong

support for the concept that the aggregation response to ADH is related
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to the ADH-induced increase in membrane permeaiblity.

Evidence obtained from lipophilic probes of membrane of amphibién
bladder (187-188) and mammalian kidney (189) indicate that vasopressin
acts to enhance the disorder (i.e., to increase the fluidity) of mem-
brane lipids. Such increments in membrane f£luidity may contribute to
the redistribution and aggregation of lectin-binding protein detected
at external surface of bladders treated with vasopressin (182). This
observed redistribution of membrane-associated protein on the apical
surface of frog urinary bladder epithelium after oxytocin treatment
(183-186) is in all probability related to the hormone-induced particle

aggregation discussed above.
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IT. EXPERIMENTAL PROCEDURE

1. Preparation of Papillary Plasma Membrane (PPM)

a. Purification of PPM

Dog kidneys were excised from freshly slaughtered animals within
1 hour after death. The inner medulla was separated from the cortex.
40-80 g of medullary tissue were collected. The medullary tissue was
cut into small pieces of about 1 mm3 with a pair of scissors and put
in a Tris-glycine buffer (10 mM Tris+HCl, 0.28 M glycine, pH 7.4), with a
ratio of tissue weight to total volume of 1:3. The tissue was then
treated according to the scheme outlined in Fig. 1. First, the tissue
was homogenized (in a Brinkman Polytron at speed "6") for 3 successive
intervals each of 10 seconds duration. The homogenate was then sub-
jected to 15 strokes with a loose pestle in a Dounce homogenizer,
filtered through a layer of cheese cloth, rehomogenized with 15 strokes
of a tight fitting pestle, and centrifuged at 700 xg for 10 min. The
pellet was discarded. The 700 xg supernatant was further centrifuged
at 10,000 xg for 10 minutes to yield the ;upernatant Sl. The pellet
was resuspended in the same relative volume of buffer (see above), and
subjected to 10 strokes with a tight pestle in a Dounce homogenizer and
recentrifuged at 10,000 xg for another 10 minutes. The new supernatant

S, was pooled with S, and the mixture subjected to centrifugation at

2 1
100,000 xg for 60 min (Beckman swinging bucket SW 25 rotor). The re-
sulting supernatant was labeled "cytosol fraction,” and the pellet

resuspended with a same volume of Buffer A (20 mM Tris.HCl, pH 7.0; 1 mM

2-mercaptoethanol, 5 mM MgCl,, 20 mM KCl) was labeled "membrane fraction.”
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Purification of Papillary Plasma Membranes
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b. Enzyme Markers (used to characterize the subcellular fractions)

(1) 5'-Nucleotidase Assay according to Solyom and Trans (191)

The enzyme was assayed at 37°C in a total volume of 0.5 ml con-
taining 5 mM adenosine monophosphate (AMP), 10 mM MgClz, 50 mM
Tris-glycine buffer adjusted to pH 9.1 with NaOH, and 50 pg of protein,
The reaction was stopped after 20 minutes of incubation by the addition
of 2,5 ml of 8% trichloroacetic acid (TCA). The solution was filtered
through Whatman No. 42 paper énd a 1.8 ml aliquot of the filtrate was
added to 1 ml of freshly prepared "binding reagent'" solution (2.39 g
of ferrous sulfate in 100 ml of 1% NH4 molybdate in 2 N H2504) for the
measurement of inorganic phosphate re;eased by the method of Fisk &

Subbarow (192).

(2) Glucose-6~Phosphatase Assay according to Hubscher and West (193)

The activity of glucose—-6-phosphatase was assayed at 37°C in a
total volume of 0.2 ml containing 20 mM Tris-HCl buffer (pH 7.0), 4 mM EDTA,
50 mM glucose—6~phosphate, and 50 ug of protein. The reaction was
stopped by addition of 530 ul of 30% TCA. The mixture was then centri-
fuged and the supernatant was removed and assa&ed for inorganic phos- i
phate by the method of Fisk & Subbarow (192).

(3) Sodium~Potassium ATPase

.
The activity of Na+-K'—ATPase was assayed by incubation of the
enzyme at 37°C in a total volume of 0.25 ml containing 50 mM Tris

HC1 (pH7.6), 4 mM MgSO, with or without 1 mM ouabain, 48 mM NaCl,

4
24 mM KC1, 1 mM ATP, and 50 ug of protein. The reaction was allowed
to proceed for 30 min and then stopped by addition of 50 ul 60% TCA

followed by centrifugation. An aliquot of supernatant was kept and

38



the amount of inorganic phosphate liberated was determined by the
method of Fish & Subbarow (192).

(4) Bicarbonate-Activated ATPase

HCOE-ATPase was determined by incubating the enzyme for 30 min-

utes at 37°C in a total volume of 0.25 ml containing 50 mM Tris-HCL

buffer (pH 7.2), & mM Mgso, ,

25 mM sodium sulfite and 50 ug of protein. The reaction was stopped

1 mM ouabain, 5 mM ATP, with or without

by addition of 50 ul of 60% TCA. The amount of organic phosphate
liberated was determined by the method of Fish and Subbarow (192).
The activity in the absence of sulfite was taken as the Mg++ ATPase
activity and the difference between the activity in the presence of
sulfite and the activity in the absence of sulfite was taken as the
Hcog-ATPase activity (99).

(5) Succinate Dehydrogenase Activity Assay according to Gibbs and

Reimer (194)

The assay of the enzyme activity was carrier out at 37°C. The
assay mixture contained 50 mM potassium phosphate buffer (pH 7.0),
0.1% 2,6-dichloroindophencl, 50 mM of sodium succinate, and 50 ug of
protein in a total volume of 200 pl. The reaction was allowed to
proceed for 5 min and then was stopped by addition of 50 ul 307 TCA
and 1 ml of ethyl acetate with shaking for 1 or 2 minutes, centri-
fugation for 2 min. The supernatant was recovered and the optical
density of the fumarate generated was read at 490 um.

(6) Adenylate Cyclase Assay

The adenylate cyclase activity of the isolated membrane prepara-

tions was assayed according to the method of Bar and Hechter (195).
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Under standard assay conditions, 30-55 ug of membrane protein were
incubated at 37°C for 5 min in a total volume of 50 ul containing
50 mM Tris HC1 (pH 7.5 at 37°C), 0.2 mM ATP, 1-2 uCi [a—32P]ATP, 10 mM

MgCl 1 mg/ml creatine phosphokinase, 25 mM creatine phosphate,

2?
0.5 mM cyclic AMP, 1 mM EGTA and 1 mg/ml bovine serum albumin.

The reaction was started by addition of protein and terminated
by addition of 5 ul of a solution containing 20 mM each of ATP, AMP
and cyclic AMP in 0.2 M EDTA (pH 7.0) and the tubes placed on ice.
When the time course of cyclic AMP production was determined, the
total reaction volume was increased to 100 ul. After the start of
the reaction, 10 ul aliquots were removed from the reaction mixtures
and transferred to tubes containing an equal volume of an ice-~cold
solution containing 4 mM each of ATP, AMP and cyclic AMP in 40 mM
EDTA (pH 7.0). The contents of the tubes were mixed thoroughly and
the tubes placed on ice,

Labeled nucleotides were separated by application of 5 ul aliquots
of the reaction mixture to polyethyleneimine (PEI) impregnated cellu-
lose TLC plates, which were then developed in 0.25 M LiCl. After the
plates were dried, cyclic AMP, ATP and AMP spots were located under
UV illumination. These were then cut out and counted in toluene
scintillation fluid [4.0 g PPO (2,5-diphenyloxazole) and 0.2 g POPOP
[1,4-bis (2-(5~phenyloxazole))~benzene/l] with a liquid scintillation
spectrometer. The ratio of cyclic AMP associated radioactivity to
total radiocactivity was used as an estimate of the conversion of sub-
strate to cyclic AMP and the specific activity of the enzyme was

expressed as pmole cyclic AMP produced per mg protein per min.
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To test the adequacy of the regenerating system, aliquots of the
reaction mixtures were applied to PEI-impregnated cellulose TLC
plates and chromatographed in 0.5 M nucleotides visualized as de-
scribed above. Estimates of the raéio between ATP and total radio-
active nucleotide demonstrated that nearly 90% of the substrate was
intact at the end of the incubation period.

Protein concentrations in all of the foregoing procedures was
determined by the method of Lowry et al. (196).

c. Electrical Microscopic Study of Plasma Membrane

The pellet of the plasma membrane fraction was fixed in 27 gluta-
raldehyde in 0.1 M cacodylate buffer at pH 7.2 for 1 hour on ice and
rinsed in cold buffer overnight. The pellet was then post-fixed in
17 osmium tetroxide in 0.1 potassium phosphate buffer at pH 7.3 for
1 hour on ice. Dehydration in a graded series of ethanol (70%, 95%,
and 100%) soluti;ns on ice was followed by treatment with propylene
oxide for 5 minutes twice, and embedded in Epon 812.

Ultra~thin (sliver) sections were cut on a Porter-Blum MT-2
Ultramicrotome with a diamond knife. Sections were stained with
uranyl acetate (197) followed by lead citrate (198) and examined in

a Philips 201 electron microscope.

2. Renal Cyclic AMP-Dependent Protein Kinase

a. The Standard Assay for Cyclic AMP-dependent Protein Kinase Activity

The reaction mixture (50 or 100 pl) contained 0.05 M TES (2-{[2-hy-
droxy 1,1-bis (hydroxylmethyl) ethyl] amino }ethane sulfonic acid) buffer
(pH 7.0) or 50 mM potassium phosphate, pH 7.0, 10 mM MgClz, 0.5 mM

[7-32P]ATP (the specific activity of [7—32P]ATP ranged from 50-100 cpm/pmol),
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1-2 mg/ml histone (Sigma type II calf thymus), no cyelic

AMP or 1 uM cyclic AMP, and 50-100 pug of protein. Incubation

was carried out at 30°C for 5 min or 10 min. One unit of kinase activity
was defined as the amount of enzyme necessary to catalyze the transfer
of 1 nmole of 32Pi from [YBZP]ATP to histone per minute at 30°C.
Phosphodiesterase activity was inhibited by adding theophylline to a
final concentration of 1 mM. The reaction was stopped by addition of
20 pl 30% trichloroacetic acid. Then 50 ul of aliquot were spotted on
a Whatman No. 31ET paper chromatography strip measuring 2 cm x 20 cm.
The chromatogram was developed according to the method of Li and Felmly
(199).

b. Endogenous Phosphorylation

Phosphorylation of the plasma membrane preparation was assayed by
the "standard" procedure outlined above except that NaF was added to
a final concentration of 10 mM (to inhibit phosphatase activity) and
plasma membrane replaced histone as substrate.

c. Solubilization of Membrane-Bound Protein Kinase

The purified papillary plasma membrane (PPM) from dog kidney was
solubilized by adding Triton X~100 to the membrane protein sample to
a final concentration of 1%, incubating at 4°C for 2 hours with stir-
ring and then subjecting the incubate to ultracentrifugation at
100,000 xg in the Beckman swinging bucket rotor (SW 27) for 1 hour.
The supernatant thus contains the solubilized membrane fraction. In
some experiments sodium deoxycholate (DOC) at a final concentration
of 1% or ammonium chloride at a final concentration of 1M, replaced

Triton X~-100 as the solubilization agent.
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d. Purification of Membrane-Bound Protein Kinase

(1) DEAE-Sepharose CL-6B Chromatography of the Solubilized Papillary

Plasma Membrane Fraction

Fifty milliliters of solubilized membrane protein (15 mg/ml) was
dialyzed for 24 hours against Buffer A (20 mM Tris+HC1l, pH 7.0; 1 mM

2-mercaptoethanol, 5 mM MgCl 20 mM KCl), with Triton X-100 at a final

22
concentrationAof 0.5%. Buffer A with Triton X-100 at this concentra-
tion is referred to hereafter as buffer A-T or A-T solution. The ratio
of dialysate to dialysand was 1:100; the dialysand was changed twice
over the 24-hour period. The dialyzed fraction was subjected to
chromatography on a DEAE-Sepharose column (1.6 x 50 cm) pre-eluted
with Buffer A-T.

After the sample was applied, the column was washed with 400 ml
of the buffer A-T and then eluted with a linear gradient of KCL over a
concentration rahge from 20 mM to 400 mM (with a volume of 600 ml).
The fractions were collected with an LKB fraction collector, Model No.
7000, and the conductivity of each fraction was measured with a con-
ductivity meter. Protein concentration was determined by measuring
the optical density of the eluent at 280 nm in a Beckman UV spectro-
photometer, Model No. 25. The protein kinase activity of every third
fraction was assayed and the active fractions were pooled accordingly,
each to be concentrated by ultrafiltration using an Amicon membrane

(PM-10) to reduce the volume of the pooled fractions to approximately

5 to 10 ml for dialysis against the A-T solutiomn for 24 hours.
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(2) Sephadex G-200 Chromatography

The active fractions eluted from the DEAE-Sepharose CL—GB column
were applied to a Sephadex G-200 column (1.6 x 75 cm) in which the
G-200 beads had been preswelled in A-T solution. The latter columm
was then eluted with A-T solution and the fractions assayed for ﬁro—
tein kinase activity. The active fractions were pooled and concen-
trated by ultrafiltration through an Amicon membrane (PM~10), to
reduce the volume of pooled fractions to approximately 5 to 10 ml and
then dialyzed against Buffer A-T.

(3) DEAE-Sephadex A-50 Chromatography

The pooled protein kinase-containing fractioms from the Sephadex
G-200 column were further chromatographed on a DEAE~Sephadex A-50
column (0.5 x 20 cm) in which the A~50 beads were preswelled in Buffer
A-T., After the sample was applied, the column was eluted with a
linear salt KCL gradient ranging from 50 mM KC1 to 350 mM KCL. The pro-
tein kinase activity of each fraction was assayed. The active fractions
were pooled and concentrated by Amicon membrane ultrafiltration and
then dialyzed against Buffer A-T overnight.

e. Purification of Renal Cortical and Medullary Cytosolic Protein

Kinase
(1) Homogenate

The cytosolic fraction of renal tissue was extracted by the
following procedure:

2 Kg of canine kidney tissue were cut into small pieces by hand
with a pair of scissors and homogenized (weight:volume = 1:3) in
50 mM potassium phosphate buffer (pH 7.0) in a Waring blender for

3 x 10 sec. The homogenate was filtered through 2 layers of cheese
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cloth and centrifuged at 10,000 xg for 10 minutes. The supernatant
was saved and added to an equal volume of 50 mM potassium phosphate
buffer (pH 7.0). The pellet was resuspended in the same buffer,
reextracted one more time and recentrifuged at 10,000 xg. The super-
natant fluid was saved and recombined with the initial supernatant

to serve as a crude extract of the cytosolic fraction.

(2) Ammonium Sulfate Fractionation

The crude extract was precipitated by slow addition of ammonium
sulfate with stirring to 507% saturation (0.35 g added per ml). The
precipitate was collected by centrifugation at_l0,000 xg for 10 min,
dissolved in 50 mM Tris+HCl1 1 mM, 2-mercaptoethanol, pH 7.0 (T-M
Buffer) in a volume amounting to 10% of the original volume of crude
extract. The resulting solution was dialyzed against this T-M buffer
overnight.

(3) DEAE-Sephadex A-50 Fractionation

The fraction derived f£rom the previous ammonium sulfate precipi-
tation was absorbed in DEAE-Sephadex A~50 gel previously equilibrated
in the same T-M buffer. The gel was washed with T-M buffer (using
an amount equal to three times the bed volume) and filtered through
chromatographic paper (Whatman No. 54). The protein was extracted
twice with a 0.3 M potassium phosphate buffer, pH 7.0, each extrac~
tion utilizing the same amount of buffer as the bed volume of the gel.
The eluent was collected and its protein content precipitated by 70%
ammonium sulfate saturation. The precipitate was suspended in a
small volume of 50 mM éotassium phosphate buffer, pH 7.0, and dialyzed

against the same buffer overnight.
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(4) DEAE-Cellulose Chromatography

The enzyme fraction from previous procedure was applied to a
DEAE-cellulose (Whatman DE-52) column (2.6 x 45 cm) previously equili-
brated with 50 mM potassium phosphate buffer, pH 7.0. After applying
the sample, potassium phosphate buffer (5 times the bed volume) was
passéd through the column in order to remove .the unabsorbed materials.
The enzyme was then eluted with a linear gradient (50 mM to 400 mM) of
potassium phosphate, pH 7.0. The fraction containing Type I and Type IIL
protein kinase activities were pooled separatelyf The enzyme was sub-
jected to ammonium sulfate fractionation as described above.

(5) Alumina Cy Absorption

The type II protein kinase was further purified by absorption onto
Alumina Cy gel (Bio-Gel). This gel was previously equilibrated with
50 mM potassium phosphate buffer (pH 7.0). After the enzyme was
absorbed, the gel was gently stirred for 1 hour and centriéuged at
5,000 xg for 5 min. The supernatant was discarded, the gel was then
resuspended in the same volume of the 50 mM potassium phosphate buffer,
recentrifuged and the supernatant was again discarded. The gel was
then suspended in the same volume of 200 mM potassium phosphate buffer
(pH 7.0), stirred for 10 min, centrifuged at 5,000 xg and the extracted
supernatant was kept. The gel was extracted two more times using the
same procedure. The supernatant fluids (i.e., the extracts of the
Alumina CY gel) were pooled, concentrated by ultrafiltration through
an Amicon (PM-10) membrane, and dialyzed against 50 mM potassium phos-

phate buffer (pH 7.0) containing 10% glycerol.
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(6) Sephacryl 5-200 Gel Filtration

The fraction extracted from Alumina Cy absorption was filtered
through a Sephacryl $-200 column (1.6 x 75 cm), which was pre-
equilibrated with 50 mM potassium phosphate buffer (pH 7.0) contain-
ing 107 glycerol. The column was eluted with the same buffer. The
fractions with protein kinase activity were pooled and concentrated
by ultrafiltration with an Amicon (PM-10) membrane.

(7) DEAE-Sepharose ClL-6B Chromatography

The fraction derived from the Sephacryl S-200 gel filtration
was applied to a DEAE-Sepharose column CL-6B (1.2 c¢m x 30 cm) pre-
equilibrated with 50 mM potassium phosphate buffer (pH 7.0) contain-
ing 107 giycerol. After sample application, the column was washed
with 100 ml of 50 mM potassium phosphate-~10% glycerol buffer. The
protein kinase activity was eluted by a linear gradient of potassium
phosphate (50 mM to 400 mM) containing 107 glycerol. The active
fractions were pooled, concentrated by ultrafiltration through an
Amicon (PM-~10) membrane, and dialyzed against 50 mM potassium phos-
phate (pH 7.0) containing 107 glycerol.

f. Cyclic AMP Binding Assay

The cyclic AMP binding assay was carried out by a modification of
the Millipore filter technique of Gilman (200). The binding assay
mixture contained 20 mM Tris-HCl, (pH 7.0), 4 mM magnesium acetate,
20 pg/ml of bovine serum albumin, 40 nm of (H]-cyclic avP
(specific activity approximately 5 x 104 dpm per pmol), and the

binding protein in a final volume of 100 pl. The assay was started

by addition of [3H]*cyclic AMP and the mixture was incubated at 23°C
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for 15 min. After incubation, the mixture was diluted with 2 ml of
cold 20 mM potassium phosphate (pH 7.0), containing 4 mM magnesium
acetate, and filtered through a Millipore filter (HA 0.45 micromn
pore size), which had been presocaked in the same buffer. The filters
were washed four times with 3 ml of cold 20 mM potassium phosphate
(pH 7.0) containing 4 mM magnesium acetate.

The filters were dried, transferred to scintillation vials and
dissolved in 1 ml of cellosolve. Then 10 ml of a mixture of 3 parts
of toluene and 1 part of cellosolve containing 4 g of PPO and 50 mg
of POPOP were added to each vial,

g. Autophosphorylation

Autophosphorylation of the purified cyclic AMP-dependent protein
kinase (CPK) preparation (see above) was evaluated by two methods.
The first method consisted of our standard protein kinase assay (see
above) except that no membrane, histone or other substrate Qas added
to serve as phosphate acceptor. ‘In the second method which was carried
out according to Erlichman et al. (136), the purified cyclic AMP-
dependent protein kinase preparation (approximately 50 ug) was added
to 50 pl of a solution containing 50 mM votassium phosphate buffer (pH
7.1), 10 mM MgSO4 and 50 pg of bovine serum albumin. The reaction was
initiated by addition of 50 uM [Y§2P]ATP (200 cpm/pmol)- and continued
during incubation 10 min at 37°C. The reaction was stopped by addi-
tion of 250 ul of 0.1 M EDTA (pH 5.0). The contents of the tubes were
then poured onto a Millipore filter (HA 0.45 micron pore size) which
quantitatively retains the enzyme and cyclic AMP binding protein. The

filters were washed twice with 10 ml of the 0.1 M EDTA solution, then
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dried and assayed for 32P in scintillation fluid containing 4 g of
omniflor/liter of toluene.

h. Determination of Molecular Weight of Protein Kinase

The molecular weight of protein kinase was estimated by Sephadex
G-200 Gel filtration. The purified protein kinases were filtered
through a Sephadex G-200 column (1.6 x 75 cm) previously calibrated.

The following proteins were used as standards:

¥-Globulin Mr = 167,000)

lactate dehydrogenase (Mr = 140,000)

alcohol dehydrogenase (Mr = 80,000)
(horse liver)

Bovine serum albumin Mr = 67,000)

Myoglobin (Mr = 17,800)

i. The Preparation of the Regulatory Subunit of Cyclic AMP-Dependent

Protein Kinase

The purified holoenzyme of type II cyclic AMP-dependent protein
kinase (CPK II) was applied to a column of CM-Sephadex C-50 in the
presence of cyclic AMP. Cyclic AMP was added to the enzyme to a con-
centration of 100 pyM in 20 mM potassium phosphate (pH 7.0) buffer.
The regulatory subunit was not retained by the colummn. The eluent
was concentrated by ultrafiltration through an Amicon membrane (PM~10).
After washing the column with phosphate buffer (20 mM potassium phos-
phate, pH 7.0), the catalytic subunit was eluted by 2 column volumes of
phosphate buffer (300 mM potassium phosphate, pH 7.0).

The membrane-associated protein kinase (MPK II) was eluted with

cyclic AMP 100 uM in A~ solution (20 mM Tris-HC1l, pH 7.0, 1 mM
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-mercaptoethanol, 5 mM MgCl,, 20 mM KCl with 5% Triton X-100).

2’
je G-100 Sephadex Gel Filtration of Regulatory Subunit of Type II

Membrane-Associated Protein Kinase (MPK II)

The regulatory subunit of membrane protein kinase MPK II obtained
from CM Sephadex C~50 was concentrated by ultrafiltration with an
Amicon (PM~10) membrane and dialyzed against the A-T solution for
4 hr. 3.6 mg (1.2 mg/ml) of regulatory subunit combined with 11,2 mg
(2.8 mg/ml) of purified protein kinase MPK II was filtered through a
G~100 Sephadex column (1.6 x 64\cm) pre~-equilibrated with A-T solution.
The protein kinase activity and [3H]—cyclic AMP binding activity were
determined. The molecular weight of regulatory subunit was calibrated
with phosphorylase a (Mr = 94,000), bovine serum albumin (Mr = 67,000),

ovalbumin (Mr = 43,000) and myoglobin (Mr = 18,000) as standards.

3. Protein Phosphatase

a. Preparation of 32P Label Phosphoprotein Substrate
3

[r

histone mixture (Type II) and rabbit skeletal muscle phosphorylase b

2P]-ATP was purchased from New England Nuclear. Calf thymus

(2 x crystallized) was purchased from Sigma. Vitamin-free casein,
obtained from Nutritional Biochemicals, was dephosphorylated accord-
ing to Reimann et al. (201). Prior to use, cyclic AMP-dependent
protein kinase was partially purified from beef heart by a modifica-
tion of the method of Miyamoto'ét al. (202), involving the elution

of the enzyme from a DEAE~cellulose column with a linear gradient

(5 to 400 mM) of potassium phosphate buffer (pH 7.0). Histone and/or

casein were used as substrate(s). A single peak of cyclic AMP-



dependent protein kinase activity was eluted at about 0.15 M potassium
phosphate. The enzymatic activity with either histone or casein as
substrate was stimulated approximately 5 to 10-fold by 2 uM cyclic AMP.
The protein kinase preparation had a specific activity of about 100
units/mg which represents a 200-fold purification when compared with
the activity of the crude extract.

Histone and casein were phosphorylated with [y32P]ATP and cyclic
AMP~dependent protein kinage was prepared as described. A typical
reaction mixture for phosphorylation of histone or casein contained
(2- {[2-hydroxy-1.1-bis (hydroxyl-methyl)ethy] amino} ethane sulfonic acid
(TES) buffer (pH 7.0), 10 mM MgCl,, 2.6 mg/ml of histone mixture or 10 mg/ml
of casein, 2 uM cyclic AMP, 0.5 mg/ml of protein kinase, 0.2 mM [y32P]-
ATP (250-500 cpm/pmol. Reactions were carried out at 30°C for 3 to 4
hr. After incubation, 32P—labeled protein was isolated and alkali-
labile [32P]-phosphate content of the phosphorylated protein was
analyzed by the method of Meisler and Langan (203). Phosphorylase b
was converted to 32P-labeled phosphorylase a by a modification of the
method of Torres and Chelala (204). The alkali-labile [>2P]-phosphate
content of a typical preparation of phosphorylated substrates was
30-40 nmol/mg of histome, 2.5-5 nmole/mg of casein and 8-10 nmol/mg
of phosphorylase a. The specific radioactivity of 32P-labeled protein
used in phosphoprotein phosphatase assays varied from 50-500 cpm/pmol

of [32P]phosphate.

b. Standard Assay of Protein Phosphatase

Protein phosphatase activity was measured according to Hsiao

et al, (205) using a standard assay mixture containing 50 mM Tris HC1
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(pH 7.4), 1 mM dithiothreitol, 5 m MnCl,, 0.1 M KCl, and 10 uM >2p-

labeled protein; the total incubation volume was 50 ul and the tem-—
perature of incubation was 30°C. The reaction was initiated by the
addition of the enzyme preparation in an amount which would release.
less than 157 of 32P-phosphate from the 32P—labeled phosphoprotein

by the end of a 10 min incubation period. Enzymatic activity was
stopped by addition of 20 ul of 8% trichloroacetic acid to the 50 ul
reaction mixture. A 50 pl aliquot of the reactién mixture was then
removed and spotted on a 2 x 22 cm Whatman 31 ET chromatographic paper
strip, which was transferred to a trough containing 5% trichloroacetic
acid for the development of a descending chromatogram at room tempera-
ture. The enzymic product, [323]-phosphate, traveled with the solvent
front and was completely separated from the unreacted 32P—labeled
proteins which remained at the origin. In less than 20 minutes, the
solvent front traveled about 12 cm from origin and the wetted paper
strip extending back 4 cm from the solvent front (which contained the
[32P]—phosphate) was separated, rinsed in ether and dried under an
infrared lamp. The strip was then placed into a vial containing 10 ml
of scintillation fluid (10.1 g of P-bis[2~(5-phenyloxazolyl)] benzene
and 6 g of 2,5 ‘diphenyloxazole per liter of toluene}, The radicactivity
was determined in a liquid scintillation counter. This paper chromato-
graphic assay procedure has been compared with the assay procedure
described by Meisler and Langan (203), and the results were identical.
One unit of phosphohistone phosphatase activity was defined as the

2
amount of enzyme which catalyzed the formation of 1 nmole of [3 P}-

phosphate/min under conditions outlined above.
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c. Preparation of Membrane-bound Protein Phosphatase

(1) Solubilization of Membrane-bound Protein Phosphatase

The membrane-bound phosphatases were solubilized by the following

3 different methods:

a)

b)

The membrane fraction was incubated with 1 M NH4C1 for 1 hr
and subjected to ultracentrifugation at 100,000 é for 1 hr,
The supernatant was removed and put into cellophane bags for
dialysis against buffer A (volume 1:100) overnight with one
change of buffer. The dialysate contained solubilized phos-
phatase activity.

The second method involved incubation of the membrane frac-
tion with 1% deoxycholate for 1 hr followed by ultracentri-
fugation at 100,000 g for 1 hr. The supernatant was removed
and put into a cellophane bag for dialysis against Buffer A
(volume 1:100) overnight with one change of buffer. The
dialysate contained soluble phosphatase activity.

The third method was similar to the second method (see above)

except that the detergent was replaced by 1% Triton X-100.

(2) DEAE Sepharose CL-6B Chromatography

The dialysate containing solubilized phosphatase activity was

applied to a column (1 x 30 em) of DEAE-Sepharose CL-6B materials

previously equilibrated with Buffer A.

to the column, it was rinsed with 200 ml of Buffer A.

After the sample was applied

eluted with 500 ml of a linear salt gradient (50 mM to 400 mM KCl).

The major peak and minor peak activities were separated and pooled,

concentrated by membrane ultrafiltration
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(Amicon, PM=10) to 5-10 ml and dialyzed against Buffer G (20 mM Tris

HCl, pH 7.4, 10 mM 2-mercaptoethanol, 100 mM KCl, 5 mM MgCl,, and

2
10% glycerol).

(3) Sephadex G-100 Chromatography

The concentrated fraction of the major peak of phosphatase
activity obtained from the DEAE-~Sepharose column was filtered through
a Sephadex G-100 column (1.5 x 70 cm) pre-equilibrated with Buffer G
(20 mM Tris, pH 7.0; 1 mM 2-mercaptoethanol; 5 mM MgClz, 20 mM KC1;
10% glycerol). The latter column was eluted with the same buffer.
The eluted fractions were pooled and concentrated to between 5 and
10 ml by membrane ultrafiltration (Amicon PM~10) and then dialyzed
against Buffer G.

(4) Sephadex G-200 Chromatography

The minor peak of phosphatase activity eluted from the DEAE-
Sepharose column was filtered through a Sephadex G-200 column (1,5 x
70 cm), pre-equilibrated with Buffer G and the column was eluted with
the same buffer., The active fractions were pooled, concentrated to
5 to 10 ml by membrane ultrafiltration (Amicon PM-10), and then
dialyzed against Buffer G (120 mM Tris-HCl, pH 7.4, 10 mM 2-mercapto-
ethancl and 50% glycerol).

(5) DEAE-Sephadex A-50 Chromatography

The major peak of phosphatase activity eluted from Sephadex G-100
was rechromatographed on a column of DEAE-Sephadex A-50 (1 x 30 cm),
pre—equilibrated with Buffer G. The column was-rinsed with approxi-
mately 100 ml of Buffer G to which KCl was added to a final concen-

tration of 50 mM. The enzyme was eluted with a linear gradient of



KC1 (400 ml, 100 mM to 300 mM) in Buffer G. The fractions containing
phosphatase activity were pooled and concentrated to 5-10 ml by mem-
brane ultrafiltration (Amicon PM-10) and dialyzed against Buffer S
(120 mM Tris-HC1, pH 7.4, 10 mM 2-mercaptoethanol, and 507 glycerol)
and stored at -20°C.

All operations were carried out at 4°C. Protein concentration
was determined by the method of Lowry et al. (196).

d. Preparation of Cytosol Protein Phosphatase

(1) Crude Extract

The cytosolic fractions of the renal medulla and of the renal
cortex were prepared as previously described in the section on isola-
tion of protein kinase except that Buffer A was used instead of the
phosphate buffer.

(2) Ammonium Sulfate Fractionation

Solid ammonium sulfate was added to the crude extract to 55% satura-
tion. The resulting precipitate was resuspended in an amount of Buffer A
equal to one-tenth of the original volume and then dialyzed against
Buffer A overnight.

(3) DEAE-Sephadex A-50 Fractionation

The enzyme in the dialysate obtained in the previous procedure
was mixed with DEAE-Sephadex A-~50 (Pharmacia) presaturated with
Buffer A. The mixture was stirred for an hour and then filtered
through Whatman No. 54 filter paper. The resin was washed twice
with 2 bed volumes of Buffer A and three times with 2 bed volumes
of Buffer A containing 0.05 M KCl. The enzyme adsorbed on DEAE-

Sephadex was extracted with 2 volumes of Buffer A containing 0.45 M
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KCl, stirred for 1 hr and filtered through Whatman No. 54 filter

paper. This extraction process was repeated twice with 1 bed wvolume

of Buffer A containing 0.45 M KCl following which the enzyme inlthe
extract was concentrated by precipitation with addition of solid ammonium
sulfate to 70%Z saturation and dialyzed overnight against Buffer A.

(4) DEAE~-Cellulose DE~52 Chromatography

The enzyme solution derived from the procedure described above
was applied to a DEAE-cellulose (Whatman DE~52) column (2.6 x 60 cm)
previously equilibrated with Buffer A. Then the column was rinsed
with 3 bed volumes of Buffér A containing 50 mM KCl, and the enzyme
was eluted with a salt gradient (100 mM KC1l to 400 mM KC1l in Buffer
A). The fractions containing enzymatic activity (peak I and peak II)
were pooled and concentrated by precipitation with ammonium sulfate to
70% saturation. The precipitate was resuspended in a small volume of
Buffer A and dialyzed against Buffer A overnight.

(5) Ethanol Precipitation

One volume of each of the pooled active fractions derived from
the procedure described above was mixed with 5 volumes of 957 ethanol
at room temperature, and the mixture was centrifuged immediately at
10,000 xg for 10 min. The enzyme in the precipitate was extracted
four times with one volume of Buffer A. Each of the ethanol extracts
was concentrated by precipitation with (NH4)ZSO4 to 707 saturation
and dialyzed overnight against Buffer A.

(6) DEAE-Sephadex A-50 chromatography

The ethanol treated pooled fraction obtained from the previous

procedure were separately chromatographed on DEAE-Sephadex A-50
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columns (1.5 x 30 cm) pre-equilibrated with Buffer A containing 0.05 M
KC1l. After samplé application, the column was rinsed with one bed
volume of Buffer A~0.05 M KCl. The enzymes were eluted by a salt
gradient (0.1 to 0.4 M KCl in Buffer A). Because the enzyme eluted
from each column had identical chromatographical profiles, aliquots

of the two ethanol-treated fractions were applied to a single DEAE-
Sephadex (A-50) column (1.5 x 30 cm) and eluted by a salt gradient

(0.1 to 0.4 M KCL in Buffer A), resulting in a single peak of phosphatase
activity. Therefore, the two ethanol-treated fractions were pooled and
concentrated to a small volume (5 to 10 ml) by ultrafiltration through
an Amicon (PM-10) membrane which was then dialyzed overnight against
Buffer G (Buffer A + 10% glycerol).

(7) Sephadex G-100 Chromatography

The enzyme fraction obtained from the previous procedure was
passed through a Sephadex G-100 column (2 x 65 cm) pre—-equilibrated
with Buffer G. The column was eluted with the same buffer.

All operations were carried out at 4°C unless otherwise specified.

e. Sucrose Density Gradient Centrifugation

Centrifugation was carried out with an SW 50.1 swinging bucket
rotor run at 39,000 rpm for 16 hours at 4°C in a Beckman Spinco Model
L2-65B ultracentrifuge. A linear sucrose density gradient (5 ml,
5-20% sucrose in 20 mM Tris-HCl, pH 7.4) was employed. The following
marker proteins, bovine serum albumin (2 mg), pig heart malic dehydro-
genase (20 ug) and horse heart cytochrome c¢ (0.4 mg), were applied to
each gradient in a total volume of 100 ul. After centrifugation, each
gradient tube was fractionated and assayed for the marker proteins

and for phosphatase activity.
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£, Determination of Molecular Weights of Protein Phosphatase

The molecular weight of protein phosphatase was determined by gel
filtration. Gel filtration was carried out with Sephadex G~100 and
Sephadex G-200. The following proteins were used as internal stan-

dards:

Y-globulin (Mr = 167,000)

lactate dehydrogenase (Mr = 140,000)

It

alcohol dehydrogenase (Mr = 80,000)

(horse liver)
Bovine serum albumin (Mr = 67,000)

Ovalbumin (Mr = 43,000)

Myoglobin (Mr 17,800)

4, Phosphorylation-Dephosphorylation of Renal Plasma Membrane

a. Preparation of Phosphorylated Plasma Membrane

The 32P-labeled phosphorylated papillary plasma membrane (PPM) was

prepared by incubation of 4 mg of membrane protein with 0.5 mM [7-32P]ATP

(approximately 500-1,000 cpm/pmol, 5 mM MgCl,, 50 mM potassium phosphate

23
(pH 7.0), 20 mM NaF, 2 uM cyclic AMP, 0.1 mM theophylline, and 0.5 mg/ml
bovine cardiac protein kinase (partially purified by the method of
Miyamoto et al. (202) in a final volume of 2 ml. The reaction was car-
ried out at 25°C for 1 hr and terminated by addition of 5 ml of 10% tri-
chloroacetic acid followed by centrifugation at 1500 xg for 5 min. The
pellet was washed twice by addition of 1 ml of 0.5 M NaOH and 10 ul of

10 mM ATP, and then reprecipitated with 107% trichloroacetic acid after one
more washing with water by dilution and centrifugation. The protein was

dialyzed against 50 mM potassium phosphate buffer (pH 7.0) at 4°C for

24 hours. Because of the possibility that use of this method leads to
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denaturation of the 32P—labeled PPM, an alternative method was utilized.
This alternative method involved incubation for 20 min at pH 7 at 25°¢C.
10 m1 50 mM potassium phosphate buffer was added and centrifuged at
100,000 g for 40 minutes. Dilution with buffer solution and centri-
fugation were repeated twice and the pellet was dissolved in 50 mM
potassium phosphate buffer (pH 7.0) to yield native 32P—labeled PPM.

b. Determination of Renal Plasma Membrane Phosphorylation

Assay of the degree of phosphorylation of renal plasma membrane
was carried out following the standard assay described above, except
that the incubation time was prolonged to 20 min, and the membrane-
associated phosphatase activity was inhibited by the addition of
either 10 mM NaF, 2 mM pyrophosphate or 5 mM Zn%+. The plasma mem-
brane was phosphorylated either by endogenous protein kinase, or the
purified soluble protein kinase or the catelytic subunit of protein
kinase.

C. Polyacrylamide Gel Electrophoresis

Disc electrophoresis on 7% polyacrylamide gel was carried out by
the procedure of Davis and Ornstein (206). After the electrophoresis,
the gel was either stained with Coomassie brilliant blue or trans-—
versely sliced into 1 mm sections and assayed for the following:

1. Cyclic AMP dependent protein kinmase activity

2. Protein phosphatase activity

3. [BH] cyclic AMP binding

4. Autophosphorylation

The sliced sections were placed into the test tubes containing

standard assay mixture for each enzyme. The assays were carried out
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by "standard assay methods" (see above), and incubated at 30°C for 20
min. Autophosphorylation was detected by putting the sliced sections
in toluene scintillation fluid (4.0 g PPO and 0.2 g POPOP) and count-
ing in a Packard liquid scintillation counter.

Sodium dodecyl sulfate gel electrophoresis was performed according
to the procedure of Laemmli (207) employing a 10% polyacrylamide gel.
Bovine serum albumin, ovalbumin, cytochrome c and myoglobin were used as
internal standards. Autophosphorylation was detected also by placing
the sliced sections in toluene scintillation fluid (4.0 g PPO and 0.2 g
POPOP) and counting in a Packard 1liquid scintillation counter.

d. Cyclic AMP-Dependent Dephosphorylation

Cyclic AMP-dependent dephosphorylation was determined after (1) in-

32P]ATP for 3 minutes at 30°C

cubating the membranes with [y-
in the presence of Zn++ to inhibit phosphatase activity (the assay
mixture contained 100-500 pg of membrane protein, 50 mM MES (pH 6.2),

1 or 5 mM ZnCl 10 uM ATP (500 cpm/pmol), total volume 100 ul and

93
(2) then adding 30 ul of a solution containing 195 mM EDTA, 0.1 mM ATP

and 195 yM cyclic AMP. The latter reaction mixture was incubated for

10 minutes and the reaction was stopped by adding 1 ml of ice cold 407

TCA. The assay tubes were centrifuged in a Brinkmann 3200 table cen~
trifuge for 1 minute. The supernatants were discarded. Then the same
volume of HZO was added and the mixture was recentrifuged. The H20 was
discarded and the pellet sﬁspended in 50 ul of SDS solubilizing solution (2%
SDS, 0.1 mM EDTA, 1% 2-mercaptoethanol, 20 mM sodium phosphate, pH 7.0).

The tubes were placed in boiling water until the pellet was solubilized;

then 80 pl of solution B (containing 0.1 mM EDTA, 1% 2-mercaptoethanol,
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20 mM sodium phosphate, pH 7.0, 40% sucrose, and 0.005% bromphenol blue)
were added. Thereafter, 50 pl of the final solution were subjected to
disc and slab gel electrophoresis.

e. Slab Gel Electrophoresis and Autoradiography

The slab gel electrophoresis was carried out for 8-10 hr at 30-50 mA
on a vertical plate gel of 77 polyacrylamide in the presence
of 1% SDS. The gel was run by the method described by Fairbanks et al.
(208) » Tﬁe gel dimensions were 11.5 cm x 12.8 cm x 1 mm, and the
apparatus used was that described by Reid and Bieleski (209). The gel
was stained for protein with 0.0025% Coomassie Blue in 10% isopropyl
alcohol, 107 acetic acid and destained with several changes of 10%
acetic acid. The stained gel was dried on Whatman No. 50 filter paper
under vacuum and heat, and placed in close contact with Kodak Royal
X-Omat film. The film was exposed for 2~8 days depending upon the

level of radiocactivity in the dried gel that was to be developed.
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ITI. RESULTS

1. Purification of Plasma Membrane from the Inner Medulla of Canine

Kidney (Papillary Plasma Membrane)

The purification of renal papillary plasma membrane (PPM) was
monitored by measurement of marker enzyme activities (Table 1) and
by electron microscopy (Fig. 1).

5'-Nucleotidase, the widely accepted plasma membrane enzyme
marker (210) was increased four-fold in specific activity in compari-
son to homogenate by the purification procedure. Glucose—~6-phosphatase
was used as a supplementary enzyme marker for the microsomal fraction
(endoplasmic reticulum). The activity of glucose-6-phosphatase rela-
tive to 5'-nucleotidase can indicate contamination of PPM by endoplasmic
reticulum. The purification procedure resulted in a slight decrease
in the glucose~6-phosphatase activity (Table 2). The activity of
Na+-K+ ATPase, a basic enzyme marker for plasma membrane (211), was

increased five-fold, and HCO_,-ATPase, a particular marker for PPM (99),

3
three-fold in comparisen to the homogenate.

Contamination of PPM by mitochondrial membrane is indicated by
succinate dehydrogenase activity. The specific activity of this enzyme
in the mitochondrial fraction was increased ten-fold compared to the
homogenate, but showed almost no increase in the PPM fraction.

The adenylate cyclase activity of PPM in the presence of 10 mM
NaF was 80% greater than that of the NaF-treated homogenate, whereas

the specific actiﬁity of the PPM enzyme was increased by 3.5-fold in

the presence of 10 mM NaF in comparison to the basal level (table 3).
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Table 1: Specific Activities of Enzyme Markers for Subcellular Fractions

from Cells of Canine Renal Medulla.?®

(U/mg)

Homogenate  Mitochondria  Cytosol PPM
fraction fraction fraction fraction
- 5' Nucleotidase 0.36 0.33 - 1.5
Glucose-6-Phosphatase 2.7 5.6 — 2.1
Nat-K' ATPase 2.3 1.5 0.3 12.1
HCOS—ATPase 1.5 1.15 0.6 4.9
Succinate Dehydrogenase 0.11 1.1 - 0.14

#Enzymatic activity for 5' nucleotidase, glucose-6-phosphatase, Nat-kt ATPase
and HCOS—ATPase is defined as follows: one unit equals one micromole ortho-
phosphate liberated per hour per mg of protein. The activity for succinate

dehydrogenase is based on an arbitrary umit.
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Table 2: Relative Specific Activities of Enzyme Markers of Subcellular

Fractions of Canine Renal Medulla.#%

Homogenate  Mitochondria  Cytosol  PPM

5' Nucleotidase 100 92 0 416
Glucose=~6-Phosphatase 100 208 0 77
Nat-K' ATPase 100 65 13 520
HCOS—ATPase 100 76 40 320
Succinate Dehydrogenase 100 990 -— 127

*This table is based on the data in Table 1 with an assignment of a

value of 100 to the homogenate.
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Table 3: The Activity of Adenylate Cyclase.*

Homogenate PPM
Basal 16.4 23.6
Fluoride (10 mM) 46.9 84.4

*Adenylate cyclase activity of PPM and homogenate is shown in
the table., The concentration of NaF is 10 mM. The unit of

activity is pmol cyclic AMP generated per min per mg protein.



A study of the membrane preparation by electron microscopy
revealed vesicular membrane components, which can be seen in Fig. 1.

The vesicles occasionally enclosed electron-derse material. A small

number of contaminating intact and disrupted mitochondria could be

observed.

2. Renal Protein Kinases

a, Subcellular Distribution of Cyclic AMP-Dependent Protein Kinases

from the Inner Medulla of Canine Kidney

The subcellular distribution of protein kinase activity was de-
termined with histone as the substrate (Table 4). The cytosol frac-
tion has a specific activity that is approximately 507 higher than
that of the papillary plasma membrane (PPM) fraction and a 13~fold
greater total activity due to the greater amount of proteiq in the
former fraction., Thus, the majority of protein kinase activity is
located in the cytosol fraction, a finding which suggests that protein
kinase in the cytosol may play a role in the regulation of cyclic AMP-
dependent phosphorylation of plasma membrane as well as cytoplasmic
components.

b. Solubilization of Protein Kinases from Renal Plasma Membrane

The membrane protein was sclubilized by adding the detergents
Triton X=~100 and sodium deoxycholate (DOC) and the salt NH4CL.
The concentration of detergent and salt were as follows:
1% Triton X-100, 1% sodium deoxycholate (DOC), and 1 N NH4C1. All
solubilization procedures were carried out at 4°C for 2 hours. From

the data shown in Table 5, it can be seen that 1% Triton X-100 was
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Table 4: Renal Medulla Subcellular Distribution of Cyclic AMP~

Dependent Protein Kinase Activity.#

Specific %Z of Total % of Total amount
activity activity of protein
(mU/mg) *#

Homogenate 241 100% 1007

Debris 148 28% 547%

Mitochondria 60 2% 8% .

Cytosol 341 657 31.9%

PPM 228 5% 5.5%

*The assay was carried out by the standard kinase assay method
described in the Experimental Procedure section. Histone was
used as substrate. The assay mixture was incubated for 10 min

at 30°cC.

**0ne unit (U) of protein kinase activity is defined as that
amount of enzyme which catalyzes the transfer of 1 nmol of
phosphate from [y-32P]ATP to substrate per min under the

standard assay condition.



the most effective solubilizing agent; 85% of the protein kinase
activity was solubilized. DOC at a final concentration of 1%
brought 657 of the total kinase activity into solution, whereas
1N NHACl affected very little solubilization of the membrane-
bound protein kinase (Table 5). These results suggest that at
least some moiety of renal medullary protein kinase is membrane-
bound because it cannot be solubilized without detergent. Before
solubilization, the phosphorylation of histone by membrane-bound
protein kinase was 276 mU/mg in the presence of 1uM cyclic AMP

and 135 mU/mg in the absence of cyclic AMP. After solubilization
with Triton X-100, these activities were 385 mU/mg and 182 mU/mg,
respectively, indicating that the solubilization increased the spe-
cific activity of the cyclic AMP-dependent protein kinase. The
solubilization also enhanced the cyclic AMP-dependent endogenous
phosphorylation of plasma membrane (Table 6).

Ce Separation of Membrane~Bound Protein Kinases

(1) Elution Profile

As shown in Fig. 2, two large peaks of membrane-bound protein
kinase activity were separated by ion—exchange chromatography on a
DEAE-~Sepharose CL-6B column, The first (minor) peak eluted at a
KClL concentration between 80 and 100 mM; the second (major) peak was
eluted at a KC1 concentration between 170 and 190 mM. A third peak
(shoulder) was eluted at a KC1l concentration between 230 and 250 mM.
Peak III was not observed consistently.

Peak I is identified as MPK I (membrane-bound protein kinase I),

and peak II, as MPK II (membrane-bound protein kinase II). MPK II has
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Table 5: The Solubilization of Membrane-Bound Protein Kinase.®

Specific Activity (mU/mg)

Membrane ~-cAMP
Solubilization

Method

1% Triton X-100 182
17 DOC 161
1N NH4C1 -

Untreated Membrane 135

+cAMP
1 uM

385

315

276

Relative
Activity®#*

*The assay was carried out by the standard kinase assay method

described in the Experimental Procedure section.

mixture was incubated for 10 min at 30°C.

defined in a footnote to Table 4.

The assay

Enzymatic units are

*%k , P N
The relative activity is the specific activity of the solubi-

lized enzyme relative to that of the unsolubilized enzyme.
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Table 6: The Activity of Membrane-Bound Protein Kinase.#%

Specific Activity (mU/mg)

£ndogeneous Phesphorylation

Unsolubilized  Solubilized

Membrane Membrane
-cAMP 3.3 7.5
+cAMP 1 M 5.1 . 20.1

Histone as Substrate

Unsolubilized - Solubilized

Membrane Membrane
135 182
276 385

*The assay was carried out by the standard kinase assay method described in the

Experimental Procedure section. The endogeneous phosphorylation was assayed

without addition of histone as substrate.



more than 907 of the total membrane protein kinase activity. Accord-
ingly, MPK I possesses less than 107 of the total membrane-bound
protein kinase activity.

(2) Molecular Weights of Membrane~Bound Protein Kinases MPK I and

MPK II

The molecular weight of the protein kinases were determined by
Sephadex G~200 gel filtration. As shown in Fig. 3, the approximate
molecular weight for MPK I is 210,000 daltons and for MPK II is
110,000 daltons. These molecular weight estimations are considered
to be only approximations, because the presence of Triton X-100 in
the elution buffer could influence differentially the elution of the
enzymes and the standard molecular weight markers,

(3) Effects of Cyclic AMP on Membrane-Bound Protein Kinases

When histone is used as the substrate for membrane-bound protein
kinase with an optimal cyclic AMP concentration, 5 uM, the in-
crease of phosphorylation compared to basal activity for MPK I is
3-4 fold and for MPK II is 4~5 fold. On the other hand, when un-
solubilized membrane is used as substrate, the ability of MPK-I for
phosphorylation is relatively poor, and the presence of 1 uM eyclic
AMP results in only a 50% increase in the specific activity (Table 7).
Similarly, MPK II also exhibits low specific enzymatic activity, and
the cyclic AMP-induced increment is less than 100% of the basal
activity. When membranes solubilized by Triton X-100 are used as
substrate, however the specific activity of MPK I increasec¢ 150% and

that of MPK II increased 200%Z in the presence of 1 ugM cyclic AMP.
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Table 7: Phosphorylation of Renal Medullary Plasma Preparation by Membrane-

Bound Protein Kinases MPK I and MPK II.%*

Specific Activity (mU/mg)

- cyclic AMP + cyclic AMP
1 uM
MPK I Unsolubilized 5.4 8.6
membrane
Solubilized 10.6 27.8
membrane
MPK II Unsolubilized 3.6 8.6
membrane
Solubilized 10.6 16.2
membrane
Endogeneous Unsolubilized 3.3 5.1
Phosphorylation membrane
Solubilized 7.5 12.8
membrane

* . . . .

The assay was carried out in accordance with the standard kinase assay method described in the
Experimental Procedure section, except that the membrane replaced histone as substrate, and that
20 mM NaF was added to the assay mixture to inhibit the protein phosphatase activity. The assay

mixture was incubated for 10 min at 30°C.



d. Inhibition of Membrane-Bound Protein Kinases MPK I and MPK II

by Heat-Stable Inhibitor

When heat-stable inhibitor of protein kinase (extracted from
bovine cardiac muscle and purchased from Sigma Chemical Co.) was
added to a final concentration of 0.5-1.0 mg/ml to the assay mixture
(histone as substrate), the activities of MPK I and MPK II decreased.
As the concentration of inhibitor was gradually increased to satura-
tion, the degree of inhibition 6f MPK I was 757 whereas that of MPK II
was 60% (Table 8). When these protein kinases were still associated
with the membrane, however, i.e., they were not solubilized, the
maximum ihibition affected by the inhibitor was only 40%. This result
indicates that these protein kinases are less susceptible to inhibitor
when they are bound to the membrane.

e. Binding of [3H]—nglic AMP by Proteins Solubilized from Papillary

Plasma Membrane

Binding of [3H]-cyclic AMP to membrane fractions eluted from DEAE~
Sepharose CL-6B columns showed a quantitatively didentical elution
pattern td that of the intrinsic cyclic AMP-dependent protein kinase
activities corresponding to MPK I and MPK II (Fig. 4). In additionm,
there was a third peak of binding activity eluted at a KCL concentra-
tion of between 0.3 and-0.4 M. Although this third peak binds [BH]—
cyclic AMP, it does not manifest protein kinase activity either in the
presence or absence of cyclic AMP. The nature of this particular bind-
ing protein is unknown.

£. Autophosphorylation of Membrane-Bound Protein Kinases

After elution of renal medullary plasma membranes solubilized by

Triton X~100 from a DEAE-Sepharose CL-6B column and determination of
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Table 8:

The Inhibition of Membrane-Bound Protein

Kinases MPK I and MPK II by Heat Stable Inhibitor.#®

~cAMP

~cAMP +
inhibitor
(2 mg/ml)

+ cAMP
-+ cAMP +

inhibitor
(2 mg/ml)

MPK I

1.41

0.7

4.32

1.12

Specific Activity (U/mg)

MPK II

2.81

1.12

10.2

4.12

Membrane
0.18

0.11

0.38

0.15

*The heat stable inhibitor of protein kinase from bovine heart was purchased from Sigma Chemical

Co. The solid inhibitor was diluted by buffer A and added to the assay mixture to the final

concentration of 2 mg/ml. The assay was carried out by the standard kinase assay method described

in the Experimental Procedure section, either in the presence or absence of inhibitor.



the autophosphorylation by the method of Erlichman et al. (136), it
was found that thé fraction that underwent autophosphorylation cor-
responded exactly to the fractions of MPK II (Fig. 5). When MPK I
and MPK II fractions from several different experiments were sepa-
rately pooled, concentrated and assayed both for cyclic AMP-dependent
protein kinase activity and the property of autophosphorylation, both
peaks showed comparably high levels of specific activity for this
kinase activity (when histone was used as substrate), but only the
MPK II fraction demonstrated a high degree of autophosphorylation
(the MPK I fraction demonstrated slight or nil autophosphorylation).
An identical result was obtained when membranes solubilized by Triton
X~-100 were eluted from a column of Sephacryl S-200 (Fig. 6) and
tested for cyclic AMP-dependent protein kinase activity and auto-
phosphorylation. The autophosphorylation of the MPK II fraction
might be the result of a non-cyclic AMP-dependent phosphorylation of
unknown substrates eluted at the same region as MPK II., The follow-
ing findings militate against the latter possibility and favor the
conclusion that MPK 1II is indeed autophosphorylated:
1) SDS-polyacrylamide gel electrophoresis of MPK II showed

that the site of autophosphorylation of this peak is

consistently located at the Mr = 30,000 dalton region of

molecular weight (see section on membrane phosphoryla-

tion). As noted above, MPK I shows little or no auto-

phosphorylation.

2) These above results are similar to the finding of Erlichman

et al., (136) in their studies of the autophosphorylation
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of beef heart Type II protein kinase and Uno, et al.
(139) in their studies of membrane-bound protein kinase
from synaptic membranes.

g. Purification of Membrane-Bound Protein Kinase MPK II

The major membrane-bound protein kinase MPK II was purified
approximately 137-fold relative to unsolubilized membranes (Table 9)
by the following steps:

1) Triton X-100 solubilization of papillary plasma membrane

2) DEAE-Sepharose CL-6B ion-exchange chromatography

3) Sephadex G-200 gel filtration

4) DEAE-Sephadex A~50 ion-~exchange chromatography

n. Stability of Membrane—-Bound Protein Kinases

On storage at -25°C, the major membrane-bound protein kinase,
MPK II, showed no reduction in enzymatic activity after 3 months,
whereas the minor membrane-bound kinase, MPK I, lost all enzymatic
activity within 3 weeks,

On storage at 4°C, MPK II and MPK I lost all enzymatic activity
within 30 days and 10 days, respectively.

When the concentration of Triton ¥X~100 was reduced to 0.1%,
MPK II activity could still be eluted from the DEAE-Sepharose CL-6B
column, but little or no MPK I activity could be eluted. The MPK II
eluted by this detergent proved to be father unstable, however, for
its enzymatic activity disappeared within a period of 10 days. When
Triton X-~100 was totally eliminated from the elution buffer, no
MPK IT or MPK I activities could be eluted from the column. This

requirement for Triton X-100 indicates that the protein kinases,
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Table 9: Purification of Membrane—Bound Protein Kinase MPK II.*

Protein Specific Total
(mg) activity activity
(U/mg) ()
Membrane 350 0.36 126
Triton X-100 176 0.72 127
solubilization
DEAE-Sepharose 29.9 3.80 113
CL-6B Ion Exchange
Sephadex G-200 11.3 8.90 110
Gel filtration
DEAE-Sephadex 1.9 37.2 70

A-50 Ion Exchange
*The assay of the purified fraction was carried out by the standard kinase assay method,
and histone was used as substrate. One unit (U) of protein kinase activity is defined
as the amount of enzyme necessary to catalyze the transfer of 1 nmol of orthophosphate

from [Y-32P]ATP to histone per minute under the standard assay condition.



MPK T and MPK IT are tightly bound to the plasma membrane. This
binding is probably an intrinsic association between enzyme and
membrane, because solubilization by the detergent increases endoge-
nous cyclic AMP-dependent protein kinase activity.

i. Separation of Cytosol Protein Kinases of the Renal Cortex

and Medulla

Two cyclic AMP-dependent protein kinases were detected in the
elution profile of the cytosol fraction from renal medulla by DEAE-
cellulose chromatography (Fig. 7). The first protein kinase (CPK If
was eluted at a KCl concentration between 60 and 80 mM, and the
second one (CPK II), at one between 150 and 180 mM. CPK II had more
than 90% of the total cytosol kinase activity. Elution of the cytosol
fraction of remal cortex on the same DEAE-cellulose column resulted
in an identical profile (Fig. 8). When the medullary and cortical
cytosol fractions were combined, the elution profile was identical to
that obtained on chromatography of each of the separate fractions.
These results indicate that in the canine kidney, the cytosol protein
kinases have similar characteristics and distributions in the cortex
and in the medulla. These results also show that the major cyclic
AMP~dependent cytosol protein kinase from renal tissue (CPK II) is a
type II kinase (133) and accounts for more than 85% of the total
kinase activity.

j. Purification of Cytosol Protein Kinase CPK II

Type II cytosol protein kinase (CPK II1) from renal tissue was

purified (Table 10) by the following steps:
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1) Homogenization

2) Ammonium sulfate precipitation

3) DEAE Sephadex A-50 batch

4) DEAE~-cellulose DE-52 ion—exchange

5) Alumina CY absorption

6) Sephacryl S§-200 gel filtration

7) DEAE-Sepharose CL-6B ion—-exchange

The purification resulted in over a 400-fold increase in specific
activity relative to the homogenate, and the overall recovery was 897
(Table 10). The binding of [3H]-cyclic AMP showed an approximately
500-fold increase in specific activity after the final stage of purifi-

cation.

k. Substrate Differentiation

Table 11 sﬁows the activities of the protein kinase derived from
the renal cytosol crude extract and tested with three different sub-
strates—-—namely, histone, protamine, and casein. It can be seen that
histone is the best substrate.for renal cytosol protein kinase and
that the medullary fraction had 457 more activity than the cortical
fraction. The X values for activation by cyclic AMP when histone
was the substrate was found to be 66 nM and 72 nM for
crude extracts of cortex and medulla, respectively.

1. Binding of [3H]~Cyclic AMP by Autophosphorylation of Cytosol

Protein Kinases

The binding of {3H]—cyclic AMP to the cytosol protein kinases

CPR I and CPK II is increased in proportion to the degree of purifi-
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Table 10: Purification of Cytosol Protein Kinase CPK IT.#

Protein  Protein  [3H]eyclic Total Units
(mg) Kinase AMP binding Q)
(U/mg) (mU/mg)
Homogenate 31,800 0.48 0.51 15,292
Ammonium 10,832 1.14 1.26 12,149
Sulfate
DEAE-Sephadex 3,448 2.47 2.63 8,491
A-50
DEAE-Cellulose  440.8 10.6 12.1 4,672
DE-52
Alumina G, 90.7 34.3 37.9 3,245
Sephacryl 21.4 108 121 2,312
$-200
DEAE~Sepharose 5 203 247 1,274
CL-6B

*One unit (U) of protein kinase activity is defined as the amount of enzyme necessary
to catalyze the transfer of 1 nmol of orthophosphate from [y—32P]ATP to histone per
minute. One unit of cyclic AMP binding is defined as binding of 1 nmol of cyclic

AMP under the standard assay condition.
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Table 11:

Renal
Cortex

Renal
Medulla

Activity of Renal Cytosol Cyclic AMP-Dependent Protein Kinase

with Different Substrates.=*

Specific Activity (mU/mg)

Histone Protamine Casein
-~cAMP +cAMP -cAMP +cAMP ~cAMP +cAMP
64.1 286 26.2 63.1 9.6 24.5
88.1 396 33.1 74.2 12.3 27.8

*The assay was carried out by the standard kinase assay method described in the Exper-

imental Procedure section, except that different substrates were used at the following

concentrations:

histone, 1.2 mg/ml; protamine, 1.1 mg/ml; casein, 1.4 mg/ml. The con-

centration of cyeclic AMP in the assay was 1 uM.



cation. 1In the cytosol fractions eluted from the DEAE-cellulose DE~52
column only CPK II appeared to be autophosphorylated. It is possible
that the results én autophosphorylation shown in Fig. 9 include an
artifact—--namely, the phosphorylation of a protein other than CPK I1II
that is eluted along with the purified CPK II fraction. SDS poly-
acrylamide gel electrophoresis of the purified CPK II fraction revealed
a single phosphorylated band characterized as a protein with a molecular
weight of 50,000 daltons which is identical to that of the regulatory
subunit of CPK II.

m. Molecular Weight of Renal Cytosol Protein Kinase CPK IT

The molecular weight of renal cytosol protein kinase CPK II was
determined by gel filtration on a Sephadex G-200 column, as shown in
Fig. 10. The molecular weight of CPK II is approximately 180,000
daltons.

n. Characteristics of Canine Renal Protein Kinases

(1) Effect of the Concentration of Substrate on Protein Kinase Activity

When histone wasused as a substrate for purified membrane-bound
protein kinase MPK II and purified cytosol protein kinase CPK II, both
enzymes were found to have maximal activity at a substrate concentra-
tion of approximately 3 mg/ml (Fig. 11). The Km for both enzymes was
found to be 0.4 mg/ml.

(2) Effects of Divalent Cations on Protein Kinase Activity

a) Mg++

In general, the enzymatic activity of cyclic AMP-dependent protein

+4- .
kinase requires the presence of Mg -ATP complex (108). The optimal

range of Mg++ concentration for MPK II and cytosol CPK II is 5-20 mM
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(Fig. 12). When Mg++ concentration was increased to 50 mM, the pro-

tein kinase activity was reduced to 60% of the maximal activity.

b) bhfk+

Under the standard assay conditions with 5 mM Mg++, Mn+T did not

increase cyclic AMP-dependent protein kinase activity. When Mg++

was totally replaced by Mn++ at a concentration of 5 mM, however, the
activity of the enzyme was reduced to 157% of the activity noted in
the presence of 5 mM Mg++. Mn++ at a concentration of 10 mM caused
a 60% inhibition of MPK II, CPK II, and unsolubilized membrane-bound
protein kinase. When the Mh++ concentration was increased to 50 mM,
the protein kinase activity was reduced to 20-257% of the maximal
activity (Fig. 13).

c) Ca++

Cé++ inhibited the activities of all cyclic AMP-dependent
protein kinases at a concentration of 5 mM, The activities of MPK II,
CPK II, and unsolubilized membrane-~bound protein kinase were reduced
to 50% of the maximal activity at this Ca++ concentration, and to 307

at a Ca++ concentration of 10 mM (Fig. 14).

"t

d) Y/

¥

Zn  inhibited the activities of protein kinase (Fig. 15) at a
concentration of 5 mM. Zn++ caused a 55% inhibition of MPK II, CPK II
and unsclubilized membrane-bound protein kinase activities, At a con-
centration of 10 mM, the degree of inhibition was increased to 657%.
With a further increase in the Zn++ concentration to 50 mM, there was

no further increase in the inhibition of the enzyme.
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(3) Effects of Monovalent Cations on Protein Kinase Activity

a) ggit

Na+ at a concentration of 0.1 M caused an approximately 15% in-
hibition of MPK II activity, a 10% inhibition of CPK II activity, and a
30% inhibition of unsolubilized membrane-bound protein kinase activity.
At a concentration of 0,5 M Na+ caused a 75% inhibition of unsolubilized
membrane-bound protein kinase activity, a 40% inhibition of MPK II
activity and a 30% inhibition of CPK II activity (Fig. 16A).

b) K

K+ inhibited cyclic AMP~dependent protein kinase activity only at
a high concentration. At 0.1 M, K+ caused a 20% inhibition of MPK II
activity, a 107 inhibition of CPK II activity and a 35% inhibition of
the activity of unsolubilized membrane-bound protein kinase activity.
At a concentration of 0.5 M, K+ caused a 257 inhibition of CPK II
activity, a 40% inhibition of MPK IT activity and a 65% inhibition of

unsolubilized membrane-bound protein kinase activity (Fig. 16B).

(&) Em Values Related to Protein Kinase Activity

The Km values for cyclic AMP, ATP and Mg++ (with histone as sub-
strate) for renal protein kinases CPK I, CPK II and MPK II are shown
in Table 12, CPKX II has a higher Km value for cyclic AMP (50 nM)
than does CPK I (9 nM). CPK ITI also has a higher Km value
for Mg'' (2.0 m¥) than does CPK I (1.0 mM). The K_ value for ATP for
both cytosol protein kinases is the same, namely, 16 uM. Membrane-
bound protein kinase MPK II has higher Km value for ATP, Mg++, and

cyclic AMP than do the cytosol kinases (Table 12).
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Table 12: Ky Value for Renal Cytosol Protein Kinases CPK I, CPK IT and

Membrane-Bound Protein Kinase MPK II.#*

CPK T CPK IT MPK II
Value
Cyclic AMP 0.9 oM 5 nM 12 oM
ATP 16 uM 16 uM 60 uM
Mgt 1.0 mM 2.0 mM 2.5 mM

*The assay was carried out by the standard assay method described in

the Experimental Procedure section using histone as substrate.



(5) The pH Optima for Protein Kinases

As shown in Fig. 17, tﬁe pH optima for renal cytosol cyclic AMP-~
dependent protein kinase activity are 6.5-7.0 for CPK I and 7.0-7.5
for CPK II. The pH optimum for type II membrane-bound cyclic AMP-
dependent protein kinase (MPK II) is also in the range of 7.0-7.5.

(6) Effect of Cyclic AMP and Cyclic GMP on Protein Kinase Activity

Stimulation of both protein kinases CPK II and MPK II was maxi-
mal at a cyclic AMP concenﬁration of 1 uM. Cyeclic GMP evoked
- maximal stimulation of CPK II at a concentration of 10 uM, but the
degree of maximal stimulation was far less than observed with cyclic

AMP., Cyclic GMP had no effect at a concentration of 0.1 uM (Fig. 18).

3. Renal Protein Phosphatases

a. Subcellular Distribution of Protein Phosphatases from the

Inner Medulla of Canine Kidney

The subcellular distribution of protein phosphatase activity
was determined with both [32P]-histone and [32P]—casein
as substrates (Table 14). With both of these substrates, the
cytosol fraction has a 2-fold greater spécific activity than the
papillary plasma membrane (PPM) fraction and a 13-fold greater total
activity due to the greater amount of protein in the former fraction.
The table shows that more than 70% of the total activity of protein
phosphatase is distributed in the cytosol fractiom, a finding which
suggests that phosphatase in the cytosol may play a role in the
regulation of dephosphorylation of plasma membrane as well as cyto-

plasmic components.
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Table 13: The Comparison of Renal Membrane-Bound Protein Kinase MPK IT and Renal Cytosol

Protein Kinase

CPK IT

Nature of enzyme

Type of classification

DEAE chromatography
salt elution
Molecular weight (Mr)

[H3]-cyclic AMP

Autophosphorylation

Kp for cyeclic AMP

Km for ATP

cytosol fraction

major protein kinase

similar to beef heart

type 1I protein kinase

0.15-0.18 M

Mr = 180,000
binding to [H3]-cyclic AMP

autophosphorylated

the regulatory subunit
0.9 aM

16 uM

membrane—bound

major protein kinase-

membrane~tight-bound

protein Kkinase

0.17-0.19 M

Mr = 100,000
binding to [Ho]-cyclic AMP

autophosphorylated

the regulatory subunit
12 oM

60 LM
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Table 14: Subcellular Distribution of Protein Phosphatase of Renal Medulla.*

[32p]-Histone Total [32P]—Casein Total
Specific Activity Activity Specific Activity Activity
(mU/mg) (mU/mg)
Homogenate 764 100% 280 100%
Debris 405 21% 120 20%
Mitochondria 474 33% 49 0.7%
Cytosol 1717 70.67% 602 74.6%
PPM 560 5.1% 210 4. 7%

*The assay was carried out by the standard protein phosphatase assay method

. . . R 32 . 32 .
described in the Experimental Procedure section. [Z“Pl-casein and [~ P]-histone
were used as substrates. One unit (U) of protein phosphatase activity
is defined as that amount of enzyme which catalyzes the formation of 1 nmole of

orthophosphate per min under the standard assay condition.



b. Solubilization of Protein Phosphatases from Renal Plasma Membrane

Twenty-five percent of the total membrane-bound protein phospha-
tase from renal medulla can be solubilized by incubating the PPM with
1 M KC1l for 1 hour at 4°C. The remaining activity can be solubilized
only by the addition of NH4C1 or detergent., When the membrane prepa-
ration was incubated with 1 N NH4C1 for 1 hour at 4°C, 50% of the
total membrane-bound phosphatase activity was solubilized. With 1%
sodium deoxycholate, approximately 80% of this activity was solubilized,
and with 1% Triton X-100, 927 of this activity was solubilized. When
étored at 4°C either in the absence or presence of detergent (0.5%
Triton X~100), the solubilized phosphatase activity maintained full
activity and proved to be stable for 4 months. When completely solu-
bilized, the phosphatase activity of the membrane fraction is increased
by more than 4-fold relative to the activity of the unsolubilized frac-

tion (Table 15).

C. Separation of Membrane-Bound Protein Phosphatase

As shown in Fig. 19, two large peaks of membrane~-bound protein
phosphatase activity could be resolved by ion-exchange chromatography
on a DEAE~Sepharose CL-6B column. Peak I and peak II were eluted
at KCl concentrations of 180 mM and 250 mM and associated with phos~

phatase activities designated Ma and Mb, respectively. Whether

[32

peak Ma contained approximately 807 of the total enzymatic activity,

P]-histone or [32P]—casein was used as substrate, the major
and the minor peak Mb, approximately 20%. When fractions from peaks

Ma and Mb were assayed in the presence of 5 mM MnClz, they were both

stimulated slightly.

89



06

Table 15: Solubilization of Protein Phosphatase from Membrane.*

Specific Relative
Activity (U/mg) Activity#¥*

Unsolubilized Membrane-

Bound Phosphatase Activity 0.75 -

+ 1 M KCl 4.21 25%

+ 1 N N, cl 3.71 50%

+ 17 Sodium deoxycholate 4.31 807

+ 1% Triton X~100 4,12 927

*The assay was carried out by the standard protein phosphatase assay described

in the Experimental Procedure section. [32P]—histone was used as substrate.

% . . . . . ‘s .
Relative activity is the specific activity of the solubilized enzyme relative

to that of the unsolubilized enzyme.



d. Purification of Membrane-Bound Protein Phosphatase Ma

The major membrane-bound protein phosphatase Ma was purified
approximately 75-fold relative to unsolubilized membranes (Table 16)
by the following steps:

1) Triton X~-100 solubilization of PPM

2) DEAE-Sepharose CL~6B ion-exchange chromatography

3) Sephadex G-~100 gel filtration

4) DEAE-Sephadex A-50 ion-exchange chromatography
The purification procedure was carried out in the absence of detergent
as well as in the presence of 0.5% Triton X~100 in the elution buffer.
It was noted that the presence of detergent affected the stability of
the enzyme during storage at -~25°C; the enzymatic activity was main-
tained for several months longer when the elution was carried out
without detergent.

e, Separation of Cytosol Protein Phosphatases of the Renal Medulla

Two protein phosphatases were detected in the elution profile of
the 55% ammonium sulfate fraction from renal medulla by DEAE-cellulose chroma-
tography. The major peak (Pa)} and the minor peak (Pb) were eluted at
KCl concentrations of 175 mM and 240 mM, respectively, Phosphatase
Pa had 75% and phosphatase Pb had 25% of the total phosphatase activity
when either [32P]—histone or [SZP]—casein was used as the substrate.
The phosphatase activity was stimulated by 5 mM Mn++ and inhibited by
2 mM ATP (Fig. 20B).

£. Ethanol Treatment of Cytosol Protein Phosphatases from Renal

Medulla
Phosphatases Pa and Pb were pooled, treated with ethanol and re-

chromatographed on a DEAE-cellulose column., Pa was eluted at the same
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Table 16: The Purification of Membrane-Bound Protein Phosphatase Ma.*

Specific

Activity

(U/mg)
PPM 0.64

1%Z Triton X-100 4.12

DEAE-cellulose 9.71
DE-52

Sephadex G-200 24.5
DEAE-Sephadex 42
A-50

Recovery

92%

64.7%

497

347

Purifi-
cation

6.4

15

38

65

Total
Activity
(U)

107

98

69

52

36

*The purified fractions were assayed by the standard protein phospha-

tase assay method described in the Experimental Procedure section.

[32P]—histone was used as substrate.

One unit (U) of protein phospha-

tase activity is defined as the amount of enzyme which catalyzes the

removal of 1 nmole of orthophosphate from [32P]—histone per min under

the standard assay condition.



KCl concentration (175 mM) as in the original chromatographic run; the
phosphatase activity originally associated with Pb, however, no longer
eluted at a KCl concentration of 240 mM but rather at one of 175 mM,
where Pa was eluted (Fig. 21A). Combining Pa with ethanol-treated Pb
and then rechromatographing on DEAE~cellulose resulted in a single
peak eluted at the same salt concentration (175 mM) (Fig. 21B). Fur-
thermore, gel filtration of pooled Pa and treated Pb through a Sephadex
G-100 column also yielded a single peak of phosphatase activity, as
did chroma;ography on a DEAE-cellulose column of ethanol-treated Pb
and untreated Pa (Fig. 22). The single peak was characterized by a
molecular weight of 34,000 daltons. Ethanol treatment of Pa did not
result in any change in phosphatase activity, whereas ethanol treatment
of Pb resulted in a 907 increase in activity (Table 17).

g. Comparison of Cytosol and Membrane-Bound Protein Phosphatases

When compared to the cytosol phosphatase Pa and Pb the membrane
phosphatase fractions Ma and Mb have similar chromatographic proper-
ties and similar behavior on ethanol treatment. When the cytosol was
kept at 4°C for one week, the phosphatase fraction Pb disappeared, i.e.,
it wasno longer present in the elution profile from a DEAE~cellulose
column. All the foregoing results indicate that the minor cytosol
phosphatase peak, Pb, and the membrane~bound phosphatase peak,.Mb,
can shift to a small molecular weight form which is identical to the
major cytosol phosphatase peak, Pa, and the membrane-bound phosphatase
peak, Ma., These changes are accompanied by an increase in the enzymatic
activity of Pb and Mb. Pb and Mb are unstable under conditions of pro-
longed storage at 4°C and form of Pb and Mb, respectively, as they

break down.

93



776

Table 17: Ethanol Treatment of Renal Protein Phosphatase.#*

Pa

Untreated 4,76
Phosphatase
Activity

(U/mg)

Ethanol 5.10
Treatment

Activity

(U/mg)

Pb Ma Mb

2,34 9.51 2.08
5.62 10.4 4.67

*
The assay was carried out by the standard phosphatase assay

method described in the Experimental Procedure section. [32P]-

histone was used as the substrate, and ethanol-treated or un-

treated renal protein phosphatase were the enzymes,



h. Separation of Cytosol Protein Phosphataées from Renal Cortex

The cytosol fraction and the cytosol protein phosphatases from
canine renal cortex was obtained by the same cell fractionation methods
and the same molecular fractionation and chromatographic procedures used
previously for renal medulla. A major peak and a minor peak were elu-
ted at the same KCl concentrations, namely, 175 mM and 240 mM, respec-
tively (Fig. 23A). The activity of the minor peak was generally less
~than 107 of the total cytosol phosphatase activity of renal cortex, and
this peak was occasionally absent entirely in some preparations. Re-
chromatography of a combination of the major cytosol peak from cortex
with the major cytosol peak Pa from medulla on a DEAE-cellulose column
resulted in a single peak (Fig. 24) which also remained unchanged after
gel filtration through a Sephadex G-100 column (Fig. 25). Thus, the
major cytosol peaks of protein phosphatase activity (Pa) appeared to be
identical in the renal cortex and renal medulla (Fig. 24A, Fig. 25).
The same methodology was also used to show that the minor cytosol peaks
of protein phosphatase activity (Pb) appeared to be identical in the
cortex and medulla (Fig. 24B). In additiomn, a Mn++—dependent phospha-
tase was eluted from the cytosol fraction of remal cortex on a DEAE=-
cellulose column (Fig. 23B). The enzymatic activity of this fraction
was detected only when 5 mM MnCl2 was present in the assay mixture.
This enzyme, which accounted for approximately 10% of the total cytosol
protein phosphatase activity, was eluted at a KC1 concentration of 100
mM. No Mn++-dependent enzyme was detected in the corresponding cytosol
fraction from renal medulla.

i. Purification of Cytosol Protein Phosphatase Pa

The major cytosol protein phosphatase Pa was purified approxi-
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mately 283-fold relative to crude cytosol (Table 18) by the following
steps:

1) Homogenization of tissue

2) Ammonium sulfate fractionation

3) DEAE-Sephadex A-50 ion-exchange chromatography

4) Ethanol treatment

5) Sephadex G-100 gel filtration

6) DEAE-Sephadex A-50 ion-exchange chromatography

Je Characteristics of Cytosol and Membrane-~Bound Protein Phosphatases

from Canine Renal Medulla

(1) The pH Optimum for Protein Phosphatase

As shown in Fig. 26, the pH optimum for protein kinase from the
crude cytosol fraction from renal medulla and cortex is 6.8~7.2. 1In
this range of optimal pH, 5 mM Mn++ stimulated enzymatic activity
about 80%. In the presence of 2 mM ATP, the pH optimum for phospha-
tase activity was shifted to 7.8 (7.3-8); at pH 7.0, ATP inhibited the
enzymatic activity of the cytosol phosphatase Pa from renal medulla
by 50%Z. Membrane-bound phosphatase, Ma, also exhibited the same pH
optimum and ATP sensitivity.

(2) The Molecular Weight

The molecular weight of the major cytosol phosphatase Pa (Mr =
35,000) 1is in the same range of the major membrane-bound phosphatase
Ma (Mr = 33,000) (Fig. 27), and that of cytosol phosphatase Pb
(Mr = 100,000) is in the same range of the minor membrane-bound phos—
phatase Mb (Mr = 108,000) (Fig. 28). The result indicates the similar

nature of cvtosol and membrane phosphatases.
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Table 18: Renal Cytosol Protein Phosphatase Pa Purification.¥

Total Specific Recovery Purifi-
Protein Activity cation
(mg) (U/mg)
1. Crude Extract 32,700 1.12 100% 1
2. Ammonium Sulfate 12,208 2.61 87% 2.3
Fractionation (55%)
3. DEAE-Sephadex A-50 5,715 4.87 76% 4.3
Fractionation
4.  Ethanol Treatment 2,249 8.97 54% 8
. 5. DEAE-Cellulose 739 21.8 447 19.5
~ Chromatography
6. Sephadex G-100 196 110.6 247 98.8
Chromatography
7. DEAE-Sephadex A~50 17.4 317 147% 283
Chromatography

*The assays of purified fractions were carried out by the standard phosphatase assay method described in
the Experimental Procedure section. [32P]—histone was used as the substrate. One unit (U) of protein
phosphatase activity is defined as the amount of enzyme which catalyzes the removal of 1 nmole of ortho-

phosphate from [32P]-histone per minute under the standard assay condition.



(3) Effect of Divalent Cations on Protein Phosphatase Activity

As indicated in Table 17, a 60~807 stimulation of the activities
of both cytosol phosphatases Pa and Pb and both membrane phosphatases
. ++ ++ .
Ma and Mb occurs in the presence of Mg . Mn is also associated
with a substantive (80-1007%) stimulation of these enzymes. The con-
centration of either Mg++ or Mn++ required for maximum stimulation is
approximately 5 mM. The Mn++—dependent enzyme found only in the

+
cortex was totally imactive in the absence of Mn .

++ ++
s Cu

On the other hand, Zn , and Ca++ inhibit all renal corti-

cal and medullary cytosol and membrane-bound phosphatases (Table 19).
++ 1 e . ++
Zn is the most potent inhibitor; at a concentration of 2 mM, Zn
evoked a 957 inhibition of the crude membrane~bound phosphatase. The
membrane phosphatases Ma and Mb proved to be more resistant to inhi-
=+ .
bition by Zn in their solubilized states than they were in their
more native membrane-bound states. Table 17 shows the stronger in-

-*—i..
hibitory action of Zn++ compared to.Cu .

(4) Effects of ATP, ADP, AMP, Cyclic AMP and Cyclic GMP

AI?, ADP, and AMP inhibited the activities of all renal phospha-
tases. At a ligand concentration of 2 mM, the enzymatic activity was
inhibited 40-507 by ATP, 25-40% by ADP, and 10-20% by AMP; thus, the
inhibitory potency of the adenine nucleotides follows the sequence:
ATP, ADP, AMP (Table 20),

Inorganic phosphate (Pi) and particularly pyrophosphate (PPi)
also inhibited all renal phosphatases. In the presence of 2 mM PPi’
enzymatic activity was inhibited 70-80%, whereas in the presence of

20 oM Pi, it was inhibited only 40-50%.
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Table 19: The Effect of Divalent Tons on Renal Protein Phosphatase Activity.#*

Specific Activity (U/mg)

Control Mg+t Mot Cutt ntt
(5 mM) (5 mM) (2 mM) (2 mM)

Unsolubilized 0.461 0.714 0.978 0.084 0.05
Membrane~Bound
Phosphatase
Membrane Ma 14.21 20.2 24.3 3.69 5.2
Phosphatase

Mb 8.91 12.3 14.5 4.21 3.2
Cytosol Pa 20.3 30.4 36.3 11.3 5.1
Phosphatase

Pb 14.7 17.6 24.1 6.7 4.3
Cortex - 0.21 2.35 - -
Matt-Dependent :
Phosphatase

*The assay was carried out by the standard protein phosphatase assay method
described in the Experimental Procedure section. [32P]-histone was used as

the substrate.
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Table 20: The Effect of ATP, ADP, AMP, Pyrophosphate and Phosphate on Renal Protein Phos-

phatase Activity.*

Membrane-Bound

Phosphatase
(unsolubilized)
Membrane-Bound Ma
Phosphatase

Mb
Cytosol Pa
Phosphatase

Pb

Control

14.21

. 0,461

20.3

14.

7

ATP
(2 mM)

0.283

8.12
5.32
10.3

8.1

Specific Activity (U/mg)

ADP
(2 mM)

0.312

9.31
5.9
13.6

9.61

AMP
(2 mM)

12.01

0.401

7.83

17.6

12.

3

Pyrophos-
phate
(2 mM)

0.136

3.32
2.63
5.61

4.80

Phosphate
(2 mM)

0.237

7.1
4,22
10.1

7.6

*
The assay was carried out by the standard protein phosphatase assay method described in

the Experimental Procedure section.




The cyclic nucleotides, cyclic AMP and cyclic GMP, neither
stimulated nor inhibited any of the renal medullary or cortical,
membrane-~bound (native or solubilized) or cytosol protein phospha-
tases (Table 18).

(5) Em Values Related to Protein Phosphatase Activity

The Km values with either [32P]-histone or [32P]-casein as sub-
strates for various protein phosphatases are shown in Table 19. When
histone is used as substrate, the Km values for solubilized membrane
phosphatases Ma and Mb are lower than the corresponding ones for |
cytosol phosphatases Pa and Pb; when casein is used as substrate,
the corresponding Km values are similar for the membrane-bound phos-
phatases Ma and Mb and the cytosol phosphatases Pa and Pb. Under all
conditions studied, however, the Km values for phosphatases Ma and Mb
were lower when the enzymes were in their native membrane~bound states
than when they were in solubilized states.

k. Molecular Weights of Renal Membrane-Bound Phosphatases Ma and

Mb and Cytosol Phosphatases Pa and Pb

The molecular weights of renal membrane~bound phosphatases Ma
and Mb were estimated from gel filtration on Sephadex G-100 and G-200
columns, as shown in Figs. 27 and 28, and those of the cytosol pro-
tein phosphatases Pa and Pb were calculated from the sedimentation

coefficient (S ) value derived from sucrose gradient centrifuga-

20,W
tion (Fig. 30) and the Stokes radius obtained from gel filtration

(Fig. 29) according to the following equation:
M = 6wnNaS/ (1 - vp)

where a = the Stokes radius, S = the sedimentation coefficient, N =
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Avogadro's number, n = the viscosity of water, p = the density of
water, and v = the partial specific volume of the protein (assumed
to be 0.725 for protein phosphatases). SZO,W values were determined
by sucrose density gradient centrifugation as described by Martin

and Ames (212). The molecular weights are summarized as follows:

Stokes S Molecular
. 20,W X
radius (s) weight
&) (dalton)
Cytosol Phosphatas
Pa 24 3.5 35,000
Pb 45 5.4 100,000
Membrane Phosphatase
Ma 24 33,000
Mb 45.5 108,000

4, Phosphorylation and Dephosphorylation of Plasma Membrane

a. Phosphorylation of Papillary Plasma Membranes (PPM)

Incubating PPM with the assay medium results in endogenous mem-
brane phosphorylation; in the presence of cyclic AMP, the phosphoryla-
tion increased 50% to 100% over basal levels (Table 7). When mem—
branes were solubilized with Triton X-100, cyclic AMP-dependent phos-
phorylation of PPM increased 200% over basal levels (the basal activity
also increasing by 50% to 807% after solubilization). On the other
hand, when either highly purified type II protein kinase from beef
heart or renal tissue was used, the phosphorylation increased 2007 in
the case of the unsolubilized membranes and 5007 in the case of the
solubilized membrane.

For unsolubilized membranes in the absence of cyclic AMP, 15
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Table 21: Km Value and Molecular Weight of Renal Protein Phosphatase

Cytosol
Phosphatase

Pa
Pb

Membrane-Bound
Phosphatases

Ma

Mb

PPM-Associated
Phosphatase

Km for
[32P]—Histone
(M)

5 x 1074

1 x 1074

5.2 x 1072

2.0 x 107

8.3 x 1076

Km for
[32P]—Casein

M)

2.3

2.9

4.5

2.5 ;

5.6

10™3

1073

1072

107

10~

M.W.
(dalton)

35,000

100,000

33,000

108,000




minutes were required for ;he phosphorylation reaction to reach its
maximum, whereas in the case of cyclic AMP-dependent phosphorvylation,
more than 20 minutes were required before the reaction reached its
maximum., As shown in Fig. 31, when purified catalytic subunit of
protein kinase was used to phosphorylate membranes, only 5 minutes

were required for the reaction to reach its maximum for either solu-
bilized or unsolubilized plasma membranes. When purified plasma
membrane-bound protein kinase (MPK II) was used, the reaction was
slower and 15 min were required before the reaction reached its maxi-
mum, When histone was used as the substrate for MPK II, the phosphory-
lation attained its maximum in 5 minutes (Fig. 32). In contrast, the
phosphorylation of PPM catalyzed by the catalytic subunit of cytosol
protein kinase CPK II was quite rapid (Fig. 32). When membrane-~bound
protein kinase was used to catalyze the phosphorylation of histone,

the reaction attained its maximum after 20 min (Fig. 32). The reaction
involving cytosol protein kinase and membrane-bound substrate also
proved to be relatively slow; on the other hand, the purified catalytic
subunit of protein kinase can react with membrane-bound substrate
rapidly. The.solubilization of membrane resulted in increasing the
accessibility of the substrate to the active site of the enzyme, which
not only accelerated the reaction but also increased the level of
substrate phosphorylation.

b. Dephosphorylation of Membrane and Membrane Phosphatase

Previous results indicated that plasma membrane has both membrane-
bound protein kinases and phosphatases. In vivo, the state of phos-

phorylation of the plasma membrane will depend on the balance between

104




the rates of phosphorylation and dephosphorylation whether or not
cyclic AMP is present. In vitro, in order to achieve maximum phos-
phorylation, it is necessary to inhibit the activity of phosphatases
by addition of NaF, Zﬁ++, pyrophosphate or heat-stable phosphatase
inhibitor. Sodium fluoride can inhibit phosphatase activity without
affecting protein kinase activity. Zn++, however, not only inhibited
phosphatase activity but also inhibited phosphorylation of membrane.
As shown in Table 22, in the presence of 20 mM NaF, the phosphoryla-
tion over a period of 5 min increased 30%, whereas Zn++ reduced the
level of phosphorylation by 20%. Pyrophosphate proved to be a strong
inhibitor of renal phosphatases but did not affect the activity of
renal protein kinases.

The control of the state of phosphorylation of PPM depends on
three membrane-~bound enzymes, namely, cyclic AMP~dependent protein
kinase, protein phosphatase and phosphodiesterase. In vivo, without
addition of theophylline, the cyclic AMP-dependent phosphorylation
reached a maximum level in 5 min and decreased more rapidly than when
theophylline was a&ded to the system. This effect diminished when
protein kinase catalytic subunit was used to catalyze the phosphoryla- -
tion reaction; in this case, maximum phosphoryvlation was attained in
10 min (Fig. 33). When the phosphatase activity was also inhibited,
it reached a maintained stable state after 10 min (Fig. 34). In the
presence of 20 mM NaF, cyclic AMP~dependent phosphorylation was in-
creased by 40% with respect to the control in which NaF was absent
and attained a maximal level in 5 minutes. On the other hand, the

presence of 2 mM Zn++ inhibited 90% of the membrane-bound phosphatase
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Table 22: The Effect of NaF, zntT and Theophylline on the Phosphorylation

of Solubilized Papillary Plasma Membrane.®

Specific Activity (mU/mg)

5 min 10 min
~cAMP +cAMP ~cAMP +cAMP
1 uM 1 uM
Control 4.8 8.5 5.1 10.1
+ 2 wM Zntt 5.1 6.8 5.3 8.3
+ 20 mM NaF 5.8 11.2 6.0 12.9
+ 2 mM Theophylline 5.3 9.8 5.4 10.3

*fhe assay was carried out by the standard kinase assay method described in the Experimen;al
Procedure section, except that the solubilized plasma membrane is used as substrate. The
final concentration of membrane was 1.2 mg/ml. The incubation time was 5 min or 10 min at
30°C. One unit (U) of activity is defined as the amount of enzyme necessary to catalyze the

transfer of 1 nmole of orthophosphate from [Y—BZP]ATP to the membrane preparation per minute.



activity, resulting in a 50% reduction in the level of membrane
phosphorylation (Fig. 34).

Fig. 35 shows that isolated membrane-bound phosphatase Ma is
capable of dephosphorylating phosphorylated PPM. This dephosphory-
lation of PPM is relatively slow compared to that of phospho-casein
and phospho-histone under similar conditions. The cytosol phospha-
tase also catalyzed the dephosphorylation of PPM relatively slowly
(Fig. 35).

Ce SDS Polyacrylamide Gel Electrophoresis of the Phosphorvlated

Papillary Plasma Membrane

The phosphorylation of PPM mainly occurred in the regions of
Mr = 100,000, 50,000, and 38,000. The major peak is
at M. = 50,000 region (P-50). The phosphorylation of this peak is
" greater than that of the other peaks., The presence of cyclic AMP
(lO_5 M) slightly increased the phosphorylation of the minor peaks
at Mr = 100,000 and Mr = 38,000. Cyclic AMP at this concentration also in-
creased the phosphorylation of the major peak protein (My = 50,000)
by 20%Z to 30% as shown in Figure 36. However, this cyveclic AMP-induced
increasé in phosphorylation was observed only when the phosphatase
inhibitors (NaF, 20 mM or ZnCl2 2mM) were added to the system.

d. Cyclic AMP~Dependent Dephosphorvlation of Papillary Plasma

Membrane

Fig. 37A shows that the phosphorylation of the major peak (Mr =
50,000) in the presence of 1 pM cyclic AMP but in the absence of
phosphatase inhibitors was substantially decreased in comparison to

the phosphorylation of PPM in the absence of cyclic AMP. On the
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other hand. when phosphatase inhibitor was added to the reaction, the
major peak (M, = 50,000) was not dephosphorylated either in the
presence or absence of cyclic AMP,.

To summarize the foregoing results:

1. In the absence of cyclic AMP

a) Protein P-50 (M, = 50,000) was phosphorylated.

b) The phosphorylation of the protein P~49 was not affected
by phosphatase (i.e., the presence of the phosphatase
inhibitors, NaF, did not result in an increase in the
phosphorylation of this protein).

2. In the presence of cyclic AMP (10 uM)

a) The phosphorylation of P-50 was enhanced provided that
there was no phosphatase activity in the system.

b) P-50 was dephosphorylated if phosphatase activity was
present in tﬁe system (cyclic AMP-dependent dephos—
phorylation).

e. Autophosphorylation and Cyclic AMP-Dependent Dephosphorylation

of Membrane Protein Kinase MPK II

(1) Autophosphorvlation of MPK II

Polyacrylamide gel electrophoresis of purified membrane-bound
protein kinase (MPK) II shows that the following three peaks were
located in the same region (Fig. 38):

a) Cyclic AMP-dependent protein kinase activity (using histone

as substrate;

b) The autophosphorylated holoenzyme as indicated by the 32?

label;

c) [BH]—cyclic AMP binding protein.
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When the cyclic AMP (10 uM)-treated MPK II was subjected to gel

32p_1abeled

electrophoresis, the [3H]—cyclic AMP binding peak and the
autophosphorylation peak (i.e., the regulatory subunit of protein
kinase) were located at the same region.

In the presence of 10 uM cyclic AMP-the holoenzyme, MPK II,
dissociated into its regulatory and catalytic subunits, This dis-
sociation resulted in a shifting of the peak of autophosphorylation
from that of the holoenzyme to that of a smaller molecule which
superimposes on the 3H peak of the [BH]—cyclic AMP bound to the regu-
latory subunit (Fig. 39). Therefore, because the molecular weight of
regulatory subunit of MPK II.is approximately 50,000 (Fig. 40A, B),
these findings indicate, among other things, that the autophosphory-~

lation of MPK II is located in the regulatory subunit of the enzyme.

(2) Cyclic AMP-Dependent Dephosphorylation of MPK II

Figure 41 shows that the autophosphorylation of MPK II, CPK II
and renal collecting duct epithelial cell plasma membrane are all
located at the same region of molecular weight (Mr = 50,000) (P-50).
The dephosphorylation of this phosphoprotein occurs only in the
presence of cyclic AMP., In other words, the dephosphorylation of
protein P-50 occurs only when the holoenzyme is dissociated into its
regulatory and catalytic subunits. Without this dissociation, even
in the presence of protein phosphatase, the dephosphorylation of
P-50 does not occur. Since the protein phosphatase added to the
assay is not a cyclic AMP-dependent enzyme (i.e., the protein phos-
phatases, Ma and Pa, showed no dependence on cyclic AMP for the de-

phosphorylation of phospho-histone, phospho-casein and phosphorvlase
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b)y it can be concluded that the regulation of this cyclic AMP-dependent
dephosphorylation takes place at substrate level.

£, The Nature of Cyclic AMP-Dependent Dephosphorylation of Papillary

Plasma Membrane (Autoradiography)

Figure 42 is a radioautograph of renal papillary plasma membrane
phosphoproteins labeled with{SZP and separated on an SDS-polyacrylamide
gel. These proteins were first phosphorylated in the presence of 5 mM
Zn++, a phosphatase inhibitor, and then exposed to cyclic AMP after
removal of this inhibitor by chelation with EDTA. The feature of par-
ticular interest in this figure is the striking dephosphorylation of
the protein band in the Mr = 50,000 region of the gel as compared
to the same band in the control gel which displays the membrane phos-
phoproteins treated in an identical manner except for the omission of
cyelic AMP, Molecular weight standards for this gel were BSA (Mr = 67,000)
ovalbumin (Mr = 43,000) and cytochrome ¢ (Mr = 17,000). A second band
appears slightly below the major band in the (Mr = 50,000) region; the
nature of this protein is unknown.

After solubilization of membranme protein and filtration through
Sephacryl S-200, the eluates separated into three fractioms: I
(Mr = 20,000-70,000); II (Mr = 70,000-140,000); and III (Mr = 140,000-
210,000). Each of these fractions was subjected to electro-

phoresis; the results showed that only fraction II which contained

MPK II demonstrated autophosphorylation.
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Fig. 1. Electrical Microscopic Study of Papillary Plasma Membrane.

The pellet of the plasma membrane fraction was fixed in 2% glutaral=-
dehyde in 0.1 cacodylate buffer at pH 7.2 for 1 hour on ice and rinsed
in cold buffer overnight. The pellet was then post-fixed in 17 osmium
tetroxide in 100 mM phosphate buffer at pH 7.3 for 1 hour on ice. De-
hydration in a graded series of ethanol (707%, 957 and 100%) solutions
on ice was followed by propylene oxide and embedded in Epon 812.
Ultra-thin (silver) sections were cut on a Porter-Blum MT-2
Ultramicrotome with a diamond knife. Sections were stained with
uranyl acetate (197) followed by lead citrate (198) and examined in
a Philips 201 electron microscope. The photo was magnified 35,000

times.
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Fig. 2. Cyclic AMP-dependent protein kinase activity of the solu-—

bilized papillary plasma membrane fraction separated on DEAE-

Sepharose CL—-6B column chromatography. The solubilized membrane

fraction (15ml, 15 mg/ml) was applied on a DEAE-Sepharose CL~6B
column (1.6 x 50 cm). After rinsing the column with 400 ml Buffer
A-T, which was comprised of 20 mM Tris.HCLl (pH 7.0), 1 mM 2~
mercaptoethanol, 5 mM Mg012 and 0,5% Triton X-100. The enzyme was
eluted with a linear gradient (20-400 mM) of KC1l with a volume of
600 ml. One hundred and twenty fractions were collected. The
cyclic AMP-dependent protein kinase actiQity was assayed in either
the presence . or absence , of 1 uM cyclic AMP, The conductivity
of KCl gradient was measured by a conductivity meter and indicated
by =-— . The activity of protein kinase is indicated in CPM
(counts per minute)., The protein kinase activity was assayed on

10 pl aliquots of the indicated eluted fractions and according to
the standard method described in the Experimental Procedure section.

Histone was used as the substrate, and incubation was performed for

10 minutes at 30°C.
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Fig, 3. Determination of the molecular weight of the membrane-bound

protein kinases MPK I and MPK I1 by Sephadex G-200 gel filtration.

The molecular weight of protein kinase MPK I and MPK II was deter-
mined by gel filtration on a Sephadex G-200 column (1.6 x 88 cm).

The following proteins were used as standards for calibration:

A vy=globulin (Mr = 167,000)

B lactate dehydrogenase (Mr = 140,000)

C alcohol dehydrogeﬁase (horse liver) (Mr = 80,000)
D bovine serum albumin (Mr = 67,000)

E ovalbumin (Mr = 43,000)
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Fig. 4. Binding of [3H]—cyclic AMP by renal medullary plasma mem-

brane fraction separated on DEAE-Sepharose CL-6B column chroma-

tography. The cyclic AMP binding assay was carried out by a modifi-
cation of the Millipore filter technique of Gilman (200) described
in the Experimental Procedure section. The assay mixture contained
20 mM Tris.HCl (pH 7.0), 4 mM magnesium acetate, 2 ug/ml of bovine
serum albumin, 40 nM of tritium-labelled cyclic AMP (5 x lO4 dpm/
pmol), and the eluted aliquot in a final volume of 100 nul. The
mixture was incubated at 23°C for 15 minutes. The cyclic AMP~
dependent protein kinase activity is indicated by o, the [BH]—cyclic
AMP binding, by e, and the conductivity, by ---. The activities of
protein kinase and AMP binding are indicated in CPM (counts per

minute) indifferent scales on the graph.
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Fig. 5. Autophosphorylation of membrane-bound protein kinase sepa—

rated on DEAE-Sepharose CL-6B Column Chromatography. The autophos-

phorylation was carried out according to Erlichman et al. (136),

20 ul of eluted aliquots were added to 50 ul of a solution contain-
ing 50 mM phosphate buffer (pH 7.1) 10 mM MgSO4 and 50 ug of bovine
serum albumin., The reaction was initiated by addition of 0.5 mM
[7-32P]—ATP (200 cpm/pmol) and continued incubating for 10 min at
37°C. The reaction was stopped by addition of 250 ul of 0.1 M EDTA
(pH 5.0). The contents of the tubes were then poured onto a milli-
pore filter (HA 0.45 micron pore size) which quantitatively retains
the enzyme and cyclic AMP binding protein. The filter was washed
twice with 10 ml of the 0,1 M EDTA solution, then dried and assayed
for 32P in scintillation fluid containing 4 g of omniflor/liter of
toluene. The cyclic AMP dependent protein kinase activity was
assayed in the reaction mixture 6f 50 ul containing 1 uM cyclic AMP,
0.5 mf [y="2P]-ATP (100 cpm/pmol), 50 ug histone and one half dilu-
tion of 10 ul eluted aliquots of indicated fractions and according
to standard method described in the Experimental Procedure section.
Autophosphorylation was indicated by * and cyclic AMP dependent

protein kinase activity by o .
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Fig. 6. Autophosphorylation of membrane-~bound protein kinase sepa-

rated by gel filtration of Sephacryl S-200. Solubilized plasma

membrane (umg/ml, 8 mg/ml) was filtered through a Sephacryl S-200
(Pharmacia) column (1.6 x 75 cm) that was pre-~equilibrated with
Buffer A~T, which was comprised of 20 mM Trxis-HCl (pH 7.0), 1 mM
'2—mercaptoethanol, 5 mM MgClz, 20 mM KC1 and 0.57%7 Triton X~100.
The column was eluted with the same buffer and each fraction con-
tained 3.7 ml of eluafe. The assay of autophosphorylation was
carried out by the method of Erlichman et al. (136) on 10 pl ali-
quots of the indicated eluted fractions as described in the
Experimental Procedure section. The cyclic AMP-dependent protein
kinase activity was assayed by the standard assay method on 10 ul
aliquots of ome half of dilution of the indicated eluted fraction,
as described. The autophosphorylation is indicated by ¢, and the

cyvclic AMP~-dependent protein kinase actlvity, by o.
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Fig, 7. Cyclic AMP-dependent protein kinase activity of renal

medullary cytosol separated on DEAE-cellulose column chromatography.

The cytosol fraction precipitated by 55% (NH4)ZSO4 (46 ml, 7.4 mg/ml)
was applied to a DEAE-cellulose (Whatman DE~52) column (1.6 x 30 cm).
Four hundred ml of 5 mM phqsphate buffer (pH 7.0) was used to wash
out the unabsorbed material. The enzyme was eluted with 600 ml of

a linear gradient (5-400 mM) of potassium phosphate (pH 7.0). Ninety-
five fractions were collected and each fraction containing 6.2 ml of
eluate. The protein kinase assay was carried out on 10 pl aliquots
of the indicated fractions and in accordance with the standard method
described above. The protein kinase activity is indicated by o in
the presence of 1 uM cyclic AMP, and by X in the absence of cyclic
AMP, The optical density at 280 nm is indicated by ., and the con-

ductivity, by =-—-.
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Fig. 8, Protein kinase activity of the cvtosol fraction of renal

cortex, separated on DEAE-cellulose column chromatography. The

renal cortex cytosol fraction precipitated by 55% (NH SO4 (32 m1,

42
6.8 mg/ml) was applied to a column of DEAE-cellulose (Whatman DE-52)
(2.6 x 45 cm) pre-equilibrated with 5 mM phosphate buffer (pH 7.0).
The enzyme was eluted with 400 ml of a linear gradient (5-400 mM)

of potassium phosphate (pH 7.0). The kinase activity on one fourth
of dilution of 10 ul aliquots of the indicated eluted fractions was
assayed with the standard method described above in the presence or
absence of 1 uM cyclic AMP. The protein kinase activity is indicated

by e in the presence of 1 uM cyclic AMP and bv A in the absence of

cyclic AMP.
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Fig. 9. [?H]—cyclic AMP binding, autophosphorylation and protein

kinase activity of cytosol fraction of whole kidney separated on

DEAE-cellulose column chromatography. The renal cytosol fraction

precipitated by 55% (NH4)2SO (53 ml, 7.2 mg/ml) was applied to
DEAE-~cellulose (Whatman DE~52) (26 x 44 cm) pre-equilibrated with
5 mM phosphate buffer (pH 7.0). The enzyme was eluted with 600 ml
of a linear gradient (5-400 mM) of potassium phosphate (pH 7.0).
Fractions of 6.4 ml were collected. The [BH] cyclic AMP binding
and autophosphorylation activity were assayed on 10 pl aliquots -
of the indicated eluted fractions and protein kinase was assayed
on one third of dilution of 10 pl aliquots by standard methods de-
scribed in the Experimental Procedure section. The protein kinase
activity is indicated by e for both parts A and B. The [3H] cyelic
AMP binding and the autophosphorylation is indicated by o in parts

A and B, respectively.
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Fig. 10. Determination of the molecular weight of cytosol protein

kinase CPK II by Sephadex G-200 gel filtration. The molecular

weight of protein kinase CPK II was determined by gel filtration
on a Sephadex G=200 column (2.5 x 60 cm). The following proteins

were used as internal standards for calibration:

A y-globulin (Mr = 167,000)
B lactate dehydrogenase (Mr = 140,000)
C Dbovine serum albumin (Mr = 67,000)

D ovalbumin (Mr = 43,000)
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Fig., 11. The effect of concentration of substrate on protein kinase

activity. The assay was carried out with the standard method de-
scribed above. The reaction mixture of 100 pl contained 50 mM KPi
(pH 7.0) 10 mM MgClZ, 0.5 mM [Y—32P]-ATP (50 cpm/pmol), 1 uM cyclic
AMP, 25 pg of purified cytosol protein kinase CPK II and membrane-
bound protein kinase MPK II, with histone concentrations ranging
from 0.5 mg/ml to 5 mg/ml. The assay mixture was incubated for 10
min at 30°C. The upper line represents the substrate saturation
curve for cytosol protein kinase CPK II and lower line that for

membrane protein kinase MPK II.
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Fig., 12, The effect of Mg++ on protein kinase activity. The assay

was carried out with the standard method desecribed above. The
reaction mixture of 50 ul contained 50 mM KPi (pH 7.0), 0.5 mM
[Y—32P]-ATP (50 cpm/pmol), 50 ug histone, 1 uM cyclic AMP, and

25 ug of reacting enzyme. The Mg++ concentration was varied from

2 to 50 mM. The incubation was 10 min at 30°C. The cytosol protein
kinase (CPK II) activity is indicated by °, membrane protein kinase
activity (MPK II), by o and unsolubilized membrane kinase activity

(MPK II), by A.
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Fig. 13. The effect of Mn++ on protein kinase activity. The assay

was carried out by the standard assay method described above in

the presence of 1 uM cyclic AMP with either no adqu MnC.l2 or the
addition of MnCl2 to a final concentration of 2 to 50 mM. Histone
was used as the substrate at a concentration of 0.5 mM (50 cpm/pmol).
The figure shows protein kinase activity in the presence of Mn++
expressed as a percentage of the protein kinase activity in the
absence of Mn++ (control). The activity of cytosol protein kinase

CPK II is indicated by e, membrane by protein kinase, MPK II by o,

and unsolubilized membrane kinase by A.
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Fig. l4. The effect of Ca++ on protein kinase activity. The assay

was carried out by the standard method described above in the pre-
sence of 1 uM cyclic AMP with the addition of CaCl2 to the final
concentration from 0.5 to 10 mM. Histone was used as the substrate

3

at a concentration of 1 mg/ml. [y~ 2P]--ATP was present at a con-

centration of 0.5 mM (50 cpm/pmol). The figure shows protein
kinase activity in the presence of Ca++ expressed as a percentage
of the protein kinase activity in the absence of Mn++ (control).
The activity of cytosol protein kinase CPK II is indicated by e,

membrane protein kinase MPK IT by ° and unsolubilized membrane

kinase by A.
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Fig., 15. The effect of Zn++ on protein kindse activity. The assay

was carried out by the standard assay method described above in the
presence of 1 uM cyclic AMP with the addition of chl2 to the final
concentration from 0.5 to 10 mM. Histone was used as the substrate
at a concentration of 1 mg/ml. [Y—SZP]—ATP was present at a con-
centration of 0.5 mM (50 cpm/pmol). The figure shows protein
kinase activity in the presence of Zn++ expressed as a percentage
of the protein kinase activity in the absence of Zn++ (control).
The activity of cytosol protein kinase CPK II is indicated by e,

membrane protein kinase MPK II by °, and unsolubilized membrane

kinase by A.
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Fig. 16, The effect of K+ and Na+ on protein kinase activity. The

assay was carried out by standard assay method described above in

the presence of 1 uM with the addition of Na+ (part A) or K+ (part B)
to the final concentration from 0.15 to 0.5 M, Histone was used as
the substrate at a concentration of 1 mg/ml. [Y-32P]-ATP was present
at a concentration of 0.5 mM (50 cpm/pmol). The figure shows protein
kinase activity in the present of Na+ (part A) or K+ (part B) as a
percentage of the protein kinase activity in the absence of K+ or

Na+ (control). The activity of cyﬁosol protein kinase CPK II is
indicated by e, membrane protein kinase MPK II by °, and unsolubilized

membrane by A.
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Fig. 17. pH effect on the activity of cyclic AMP-dependent protein

kinase CPK I, CPK II and MPK II., The protein kinase was carried

out with standard method, described in Experimental Procedure, but
with the pH ranging from 4.5 to 8.5. The enzyme was assayed in

the presence of 1 uM cyclic AMP. Histone was used as substrate

at final concentration of 1 mg/ml, [Y-32P]-AIP was presented at

a concentration of 0.5 mM (50 cpm/pmol). The preparation was in—
cubated for 10 min at 30°C. The following buffers at the indicated
ranges of pH were used: 2-(N-morpholino)ethane sulfonate (MES)
(4.5-5.5), imidazole (5.5-7.5), and Tris+HC1 (7-8.5). The CPK I

activity is indicdted by e, CPK II, by & , and MPK II, by @,
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Fig. 18. The effect of concentration of cyvclic AMP and cyclic GMP

on protein kinase activity. The assay concentration of cyclic AMP

and cyclic GMP ranged from 0.0l pM to 10 uM. The effect of cyclic
AMP on protein kinase CPK II is indicated by ® , and on protein
kinase MPK II, by e. The effect of cyclic GMP on protein kinase
CPK II is indicated by 4 , and on protein kinase MPK II, bv A.
Histone was used as substrate at final concentration of 0.5 mM,
[Y—32P]-ATP was present at a concentration of 0.5 mM (50 cpm/pmol).
The enzyme concentration was 0.5 mg/ml, and the assay was carried
out in accordance with the standard method described in the Experi-

ment Procedure section, except that the cyclic AMP and cyclic GMP

concentrations were changed.
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Fig. 19. Protein phosphatase activity of papillary plasma membrane

fraction separated on DEAE-Sepharose CL-6B column chromatographyv.

The solubilized plasma membrane fraction (22 ml, 7.5 mg/ml) con-
taining protein phosphatase was applied to a DEAE-Sepharose CL-6B
column (1 x 30 cm). After the sample was applied, the column was
eluted with 500 ml of a linear gradient (50-400 mM) of KCl. One
hundred and four fractions were collected at the volume of 4.9 ml
per fraction. The histone and casein phosphatase activity was
measured using a standard assay mixture containing 50 mM Tris<HC1
(pH 7.4), 1 mM dithiothreitol, 5 mM MnClz, 0.1 M KCl, and 10 uM
32P-labelled substrate protein and 10 ul of eluted enzyme in a

volume of 50 pl for 10 min at 30°C. The histone phosphatase is

indicated by —o—, and casein phosphatase, by —-=0=-,
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Fig. 20a. Protein phosphatase activity of the cytosol fraction

separated on DEAE-cellulose column chromatography. The cytosol

fractiqn precipitated by 55% (NH4)280 (20 m1, 12 mg/ml) was ap-
plied to a DEAE-cellulose (Whatman DE-52) column (1.5 x 40 cm).
The enzyme was eluted with 500 ml of a gradient (20-400 mM) of
buffer A-KCl. One hundred twenty-five fractions were collected
each with volume of 4.1 ml. The figure shows the elution profile
of protein phosphatase activity assayed on 10 pl aliquots of the
indicated fraction by the standard method described in the Experi-
mental Procedure section. The histone phosphatase activity is

indicated by ¢, and casein phosphatase activity, by °.
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Fig. 20b. The effect of Md++ and ATP on the cytosol protein

phosphatase. The figure shows the same elution as in Fig. 20a.

The assay was carried out by the standard method described above

3

with the addition of 5 mM MaCl. or 2 mM ATP. [32P]-histone was

2
used as the substrate. The figure shows the elution profile of
protein phosphatase activity assayed on 10 ul aliquots of the
indicated fractions. The protein phosphatase activity is indi-

cated by ¢ in the absence of M’nCl2 and ATP, 1In the presence of

5 mM

MnCl2 the phosphatase activity is indicated by o, and in the pre-

sence of 2 mM ATP, by A,
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Fig. 2la. DEAE-cellulose chromatography of ethanol-treated renal

cytosol protein phosphatase Pa and Pb. The cytosol protein phos-

phatase Pa and Pb were eluted from a DEAE~cellulose (Whatman DE-52)
column (1.2 x 30 cm) pre-equilibrated with buffer A, pooled and
treated with ethanol with a procedure described in the Experimental
Procedure section. Ten ml (5 mg/ml) of treaﬁed enzyme concentrate
was rechromatographed on the same size of DEAE-cellulose column and
eluted with 400 ml of a gradient (20-400 mM) of buffer A-KCl, One
hundred eight fractions were collected each with volume of 3.8 ml.
The protein phosphatase assay was carried out by the standard

32P]-histone was used as the substrate.

methed described above. [
The figure shows the elution profile of histone phosphatase activity
assayed on 10 pl aliquots of the indicated fractionms. The histone

phosphatase activity is indicated by ¢, and conductivity by =~=,
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Fig. 21b. DEAE-cellulose chromatography of renal cytosol protein

phosphatase Pa with ethanol-treated protein phosphatase Pb. Renal

cytosol protein phosphatase Pa combined with ethanol-treated protein
phosphatase Pb was eluted from a DEAE-cellulose (Whatman DE-52)
column (1.2 x 30 cm)., Twelve ml (6 mg/ml) of enzyme was rechro-
matographed on the same size of DEAE-cellulose DE-52 column pre-
equilibrated with buffer A and eluted with 400 ml of a gradient
(20-400 mM) of buffer A-KCl. One hundred eighteen fractions were
collected each with volume of 3.7 ml. The protein phosphatase

assay was carried out by the standard method described above, [32P]—
histone was used as the substrate. The figure shows the elution
profile of histone phosphatase activity assayed on 10 ul aliquots

of the indicated fractions. The histone phosphatase activity is

indicated by * and conductivity by ——-.
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Fig. 22. Sephadex G-100 chromatography of the ethanol-treated

renal cytosol protein phosphatase Pb fraction and cytosolic

protein phosphatase Pa fraction. Four ml (7.6 mg/ml) of the

combined enzyme fraction was applied to a Sephadex G-100 column
(2 x 45 cm) which was pre-equilibrated with buffer A. The enzyme
was eluted with the same buffer, Fractions with a volume of 3.2
ml were collected. Aliquots (10 ul) of the indicated fractions
were assayed for histone phosphatase activity by the standard
method described in the Experimental Procedure section; the
preparation was incubated for 10 min at 30°C. V, refers to the
void volume. BSA indicates the elution volume of bovine serum

albumin.
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Fig. 23. Phosphatase activity of the cytosol fraction of renal

cortex separated on DEAE-cellulose column chromatography. The

renal cortex cytosol fraction precipitated by 55% (NH4)230 (26 ml,
9.5 mg/ml) was applied to a column of DEAE-cellulose (Whatman
DE-52) (2.6 X 52 cm). The enzyme was eluted with 600 ml of a
gradient (20~400 mM) of buffer A-KCl1 (pH 7.0). One hundred

twenty one fractions were collected each with a volume of 5.2 ml.
The enzyme activity was assayed on 10 ul aliquots of the indicated
eluted fractions either with or without 5 mM MnCl2 or 2mM ATP by
the standard method described in the Experimental Procedure section,
[32P]—Histone and [32P]-casein were used as substrate. The incu-
bation was carried out for 10 min at 30°C. Part A shows the
protein phosphatase activity using [32P]—histone (*) and [BZP]—
casein (e) as substrates. Part B shows the elution profile of
histone phosphatase activity assayed in the presence of 5 mM
MnC12 (*) and in the presence of 2 mM ATP (A) using [32P]—histone

as substrate.
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Fig. 24a. DEAE-cellulose chromatography of the major peak of renal

cortical phosphatase combined with the major peak of medullary

phosphatase. The combined enzyme (12 ml, 12 mg/ml) was applied
to a DEAE-cellulose column (1.5 x 45 cm). The enzyme was eluted
with 400 ml of a gradient (20-400 mM) of buffer A-KCl (pH 7.0) as
in the method described above; one hundred ten fractions

of 3.7 nl were collected. The figure shows the elution profile
of histone phosphatase (o). A 10 pl aliquot from each of the
indicated fractions was assayed by the standard method described

above. The incubation was carried out for 10 min at 30°C.
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Fig. 24b., DEAE-cellulose chromatography of the minor peak of

cortical phosphatase combined with renal medullary phosphatase

Pb. The combined enzyme (6 ml, 6.7 mg/ml) was applied to a DEAE-
cellulose (Whatman DE-52) column (1.5 x 45 cm) pre~equilibrated
with buffer A. The enzyme was eluted with 400 ml of a gradient
(20-400 mM) of buffer A-KC1 (pH 7.0). A volume of 3.6 ml was
collected for each fractiom. A 10 ul aliquot from each of the
indicated fractions was assayed for histone phosphatase activity.
The assay was carried out by the standard assay method described
above. The incubation was carried out for 10 min at 30°C.

The histone phosphatase activity is indicated by © and conducti-

vity by ——-.
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Fig. 25, Sephadex G-100 chromatography of the major peak of renal

cortical cytosol phosphatase combined with the major peak of renal

medullary cytosol phosphatase Pa., The combined enzyme 5 ml (8 mg/ml)

was applied on a Sephadex G-~100 column (2.5 x 58 cm) pre-equilibrated
with buffer A. The enzyme was also eluted with buffer A. A volume
of 4.1 ml was collected for each fraction. A 10 pl aliquot from
each of the indicated fractions was assayed for histone phosphatase
activity by the standard method described above. Vo refers to the
void volume, BSA indicates the elution volume of bovine serum

albumin,
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Fig., 26. Effect of pH on the activity of cytosol phosphatase Pa.

The enzyme activity was measured in an incubation volume of 50 ul
containing 50 mM buffexr, 1 mM dithiothreitol, 0.1 M KCl, 10 ug of
phosphatase Pa and 10 uM [32P]—histone. Incubation was carried
out for 10 min at-30°C. The following buffers at the indicated
ranges of pH were used: 2~(N-morpholiono)ethane sulfonate (MES)
(4.5-5.5), imidazole (5.5-7.5), Tris-HCl (7.0-8.5). Part A shows
the phosphatase activity in the absence of MnCl2 (a) and in the
presence of 5 =M MnCl2 (b). Part B shows the phosphatase activity
in the absence of ATP (a) and in the presence of 2 mM ATP (c).

The assay was carried out by the standard method described above.
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Fig. 27. Determination of the molecular weight of membrane-bound

protein phosphatase Ma by Sephadex G-100 gel filtration. The

molecular weight of phosphatase Ma was determined by gel filtration
on a Sephadex G-100 column (1.6 x 88 cm). The following proteins

were used as standards for calibration:

A bovine serum albumin (Mr = 67,000)
B ovalbumin (Mr = 43,000)

C carbonic anhydrase (Mr = 29,000)

D myoglobin (Mr = 17,000)

Vo, indicates the void volume
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Fig. 28. Determination of the molecular weight of membrane-bound

protein phosphatase Mb bv Sephadex G-200 gel filtration. The

molecular weight of phosphatase Mb was determined by gel filtra-
tion on a Sephadex G-200 column (2.5 x 60 cm). The following

proteins were used as standards:

A y-globulin (Mr = 167,000)

B lactate dehydrogenase (Mr = 140,000)

C alcohol dehydrogenase (horse liver) (Mr = 80,000)
D bovine serum albumin (Mr = 67,000)

E ovalbumin (Mr = 43,000)

169



Fig. 29

( ~log Kav) 1/2

1.2

0.8 =

Ooé}f—

Pa

]

20

o
Stokes Radius (A)

170

40

60




Fig., 29, Determination of the Stokes radii of phosphatases Pa

and Pb by Sephadex G-200 gel filtration. Phosphatases Pa and Pb

were eluted from Sephadex G-200, and the column was calibrated

with the following proteins (a = Stokes radius): bovine y-globulin
(a = 52 K), yeast alcohol dehydrogenase (a = 46 &), bovine serum
albumin (a = 35 ), ovalbumin (a = 28 A), cytochrome ¢ (a = 17 A).
The data are plotted according to the method of Siegel and Monty

(251).
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Fig. 30. Sucrose density gradient ultracentrifugation of protein

phosphatases Pa and Pb. Samples of 0.1 ml approximately 3 mg/ml

were layered onto sucrose gradient (5-20% in 20 mM Tris, pH 7.4)
and centrifuged in an SW 50.1 rotor at 39,000 rpm for 18 hr at
4°C, Fractions of 3 drops were collected from the bottom of the
tubes., Histone phosphatase activity was measured in an incubation
volume of 100 ul containing 50 mM Tris<HCl (pH 7.4), 1 mM dithio-
threitol, 0.1 m KC1, and 10 uM [32P]—histone with or without 5 mM
MnClz. The incubation was carried out for 10 min at 30°C. The
enzymatic activity was expressed in counts/min., In part A, the
protein phosphatse Ma activity is indicated by e, and in part B,
the protéin phosphatase Pa activity is indicated by ¢ in the pre-

BSA desig-

sence of 5 mM MnCl, and by « in the absence of MnCl

2 2°

nates bovine serum albumin.
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Fig. 31. The time course of the phosphorvlation of papillary

plasma membrane. The phosphorylation assay was carried out in a

reaction mixture of 100 ul containing 50 mM KPi (pH 7.0), 10 mM

MgCl 0.5 mM [Y—32P]-ATP (100 cpm/pmol), 10 mM NaF, 1 mM theo-

93
phylline, and with or without the presence of 5 uM cyclic AMP or
with the addition of 10 ug purified protein kinase catalytic sub-
unit (bovine heart), and unsolubilized (part A) 100 ug or solu-
bilized (part B) plasma membrane 150 pg. The incubation time
ranged from one to thirty minutes at room temperature., In both
parts, the phosphorylation of membrane in the absence of cyclic
AMP is indicated by A, in the presence of cyclic AMP by ¢, and

upon the addition of the catalytic subunit of protein kinase

by e.
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Fig. 32. The time course of the phosphorylation of histone and

plasma membrane by protein kinases CPK II and MPK II. The phos-

phorylation was-carried out by the standaxd kinase assay method
described above in the reaction mixture with volume of 100 pl
containing 50 mM KPi (pH 7.0), 10 mM MgClz, 0.5 mM [Y—32P]ATP

(100 cpm/pmol), 10 mM NaF, 5 uM cyclic AMP, 50 ug to 100 ug of
substrate and 20 ug of enzyme. The substrates were histone,
solubilized membrane, and unsolubilized membrane. The enzymes
were protein kinase CPK II (part A) and MPK II (part B). The
incubation time ranged from one to thirty minutes. In both parts,
the phosphorylation of histone is indicated by e, the phosphoryla-
tion of solubilized plasma membrane, by °, and the phosphorylation

of unsolubilized membrane, by A.
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Fig. 33. The effect of membrane-bound phosphatase on the phosphory-

lation of plasma membrane. The phosphorylation of solubilized plasma

membrane was carried out in the absence of protein phosphatase inhi-
bitor by the standard method described above. The reaction mixture
was in a volume of 100 ul containing 50 uM KPi (pH 7.0), 10 mM MgClz,

32P]ATP (50 cpm/pmol), 1 mM theophylline, 100 pg solubilized

0.5 mM [y-
plasma membrane and with 5 M cyelic AMP or in the absence of cyclic
AMP but with 20 ug protein kinase catalytic subunit purified from
bovine heart. The incubation time range from two to thirty min at
room temperature, The phosphorylation of plasma membrane with the

addition of protein kinase catalytic subunit in the absence of cyclic

AMP is indicated by ¢ and by * in the presence of 5 M cyclic AMP.
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Fig. 34. The effect of NaF and Zn++ on the endogenous phosphoryla-

tion of plasma membrane. The endogenous phosphorylation of solu-

bilized membrane was carried out in a reaction nmixture of 100 ul

containing 50 uM KPi (pH 7.0), 100 mM MgCl 0.5 mM [Y-32P]—ATP

P
(50 cpm/pmol), 1 mM theophylline, 100 ng solubilized plasma mem-
brane, 5 uM cyclic AMP and with 20 mM NaF or 2 mM Zn++ or in the
presence of 2 mM Zn++ upon the addition of 20 mM EDTA at time 10
min. The incubation time range from two to thirty minutes. The
assay in the presence of 20 mM NaF is indicated by ¥, in the presence

of 2 mM Zn++ by o, and in the presence of 2 mM Zn++ upon the addi-~

tion of 20 mM EDTA at time 10 min by .
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Fig. 35. The time course of dephosphorvlation of phosphorylated

plasma membrane and histone by protein phosphatases Pa and Ma.

The dephosphorylation of plasma membrane was carried out by

standard assay described above. The reaction mixture was in a

volume of 50 pl containing 50 mM Tris -HC1 (pH 7.4), 1 mM dithiothreitol,
5 mM MnClz, 0.1 M KC1l, 20 ug of [32P]-histone or approximately

50 ug of 32? label phosphorylated membrane which was prepared by the
method described in the Experimental Procedure section, 10 ug

of enzyme (phosphatase Pa and Ma). In part A the enzyme was

cytosol phosphatase Pa and in part B was membrane phosphatase Ma.

In both parts, the dephosphorylation of histone is indicated by °,

and dephosphorylation of plasma membrane by A.
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Fig. 36, SDS gel electrophoresis of phosphorylated plasma membrane.

The assay was carried out in a final volume of 100 ul in a mixture
containing 50 mf Tris (pH 7.0), 10 mM MgCl,, 50 mM [y=22p] ATP (200
cpm/pmol), with or without 5 uM cyclic AMP, 250 ug of 1% Triton
X-100 solubilized plasma membrane. Incubation was performed for

10 min at 30°C. The reaction was stopped by adding 1 ml of ice

cold 407 trichloroacetic acid. The assay tubes were centrifuged

in a table centrifuge for 1 min. The supernatants were discarded,
same volume of water added and the tubes recentrifuged. The pellets
were suspended in 50 ul of SDS solubilizing solution, which was
comprised of 2% SDS, 0.1 mM EDTA, 1% 2-mercaptoethanol, 20 mM

sodium phosphate (pH 7.0). After the sample was solubilized, 80

pl of solution B, which was comprised of 0.1 mM EDTA, 1% 2-mercap-
toethanol, 20 mM sodium phosphate (pH 7.0), 40% sucrose and 0.005%
bromide blue was added to the sample. Then 50 ul of the final
solution was subjected to SDS gel electrophoresis. The electro-
phoresis was performed according to the procedure of Laemmli (207)
employing a 107 polyacrylamide gel. The gel was sliced into 1 mm
sections. The sliced sections were placed in toluene scintillation
fluid and counted. Part A shows the phosphorylation in the absence
of cyelic AMP, and part B shows the phosphorylation in the presence

of 5 uM cyeclic AMP and 20 mM NaF.
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Fig, 37. Cyclic AMP-dependent dephosphorylation of phosphorylated

plasma membrane, and protein kinases MPK II and CPK II. The cyclic
AMP-dependent dephosphorylation of plasmalmembrane (part A) was
carried out in an assay mixture containing [Y-QZP]~ATP (200 cpm/
pmol), 200-300 ug of solubilized membrane, 50 mM Tris<HC1 (pH 7.0),
and 10 mM MgSO4 in a total volume of 50 ul. After incubation for

5 minutes, 50 uyl of 50 mM Tris-HCl1 (pH 7.0) was added to the control
preparation, and 50 ul of a mixture containing 1 uM cyclic AMP and

1 mM theophylline was added to the experimental preparation. Incu-
bation was continued for an additional 10 min at 30°C. The samples
were subjected to SDS polyacrylamide gel electrophoresis by the
method of Davis and Ornstein (206). The gel was then sliced into 1 mm
sections, placed in toluene scintillation £luid and counted.

The assays for cyclic AMP-dependent dephosphorylation of pro-
tein kinase MPK II (part B) and CPK II (part C) were carried out by
incubation of a mixture containing [y-32P]~ATP (100 cpm/pmol), 50 mM
Tris+HCL (pH 7.0), 10 mM MgSO4, and 50 ug of purified enzvme. After
incubation for 5 min, 50 ul of a mixture containing 50 mM Tris
(pH 7.0) and 50 ug purified protein phosphatase Pa or Ma was added
to the control preparation, and 50 mM Tris-HCLl (pH 7.0), 50 ug purified
protein phosphatase Pa or Ma, and 1 uM cyclic AMP was added to the
experimental preparation. Incubation was continued for an addi-
tional 10 min. The samples were subjected to SDS polyacrylamide gel
electrophoresis as described above. The gel was then sliced into
I mm sections, placed in toluene scintillation fluid, and counted.

In each part, the control reaction is indicated by o, and the

cyclic AMP-dependent dephosphorylation, by o.
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Fig, 38. Polyacrylamide gel electrophoresis of membrane protein

kinase MPK II. The purified protein kinase MPK ITwas subjected

to disc electrophoresis on 7% polyacrylamide gel by method of

Davis and Ornstein (206). After the electrophoresis, the gel was
sliced into 1 mm sections and assayed for protein kinase activity
and [3H]-cyclic AMP bindiné. The sliced sections were placed into
the test tubes that had standard protein kinase assay mixture with
a volume of 100 ul containing 50 mM TES (pH 7.0), 10 mM MgClz,

0.5 mM [y->2P]-ATP (100 cpm/pmol), 1 uM cyclic AMP and 100 yg
histone. The standard [BH]-cyclic AMP assay mixture contained

20 mM Tris«HCl (pH 7.0), 4 mM magnesium acetate, 20 ug/ml of

BSA, and 40 nM [3H] cyclic AMP (5 x 104 dpm/pmol) . Both assays
were carried out by the standard method described in Experimental
Procedure section, incubated 20 min at 30°C. The autophosphorylation
was carried out in an assay mixure of 100 pl containing 50 mM
Tris.HCL (pH 7.0), 0.5 mM [y-S2P] ATP (200 cpm/pmol), 50 ug of
purified membrane protein kinase MPK II, 10 mM MgSO4 and incubat-
ing 10 min at 30°C. The samples .were subjected to SDS polyacryla-
mide gel electrophoresis by the method of Davis and Ornstein (206)
and activity was detected by putting the sliced sections in toluene
seintillation fluid and counting. In part A the protein kinase
activity is indicated by e, in part B autophosphorylation by o,

and in part C the [3H] cyclic AMP binding by A.

188



681

Iaqun) UOTIOBIJ

0¢

0%

3 . ,
[ H] Cyclic AMP Binding 39 Autophosphorylation 9 Autophosphorylation
CPM x 102 (""Pi-incorporated CPM x 10 7) (""Pi-incorporated CPM x 10 7)
) £~ o o o =~ o [0 o &~ o @ o
I i L} i I 1 ] 1 1

0¢

oy

0¢

oY

6€ 814



Fig. 39. Polyacrylamide gel electrophoresis of the holoenzyme

and regulatory subunit of membrane protein kinase MPK II, The

autophosphorylation of holoenzvme of protein kinase MPK II was
carried out in a standard assay mixture of 100 ul containing

50 mM Tris<HC1 (pH 7.0), [Y-32P]—ATP (200 cpm/pmol) 50 ug of
purified protein kinase MPK II, 10 mM MgSOA, either in the pre-
sence or absence of 10 uM c¢cyclic AMP. Incubation was for 10 min
at 30°C. The samples were subjected to a disc electrophoresis

on 7% polyacrylamide gel by the method of Davis and Ornstein.

The gel was sliced into 1 mm sections, placed in toluene scin-
tillation fluid and counted. The regulatory subunit (200 ng)
isolated from CM-Sephadex C-50 described above was subjected to
disc electrophoresis on 7% polyacrylamide by the method of Davis
and Ornstein (206). After electrophoresis, the gel was sliced
into 1 mm sections, placed into tubes containing the standard
assay mixture for [3H] cyclic AMP binding and incubated for 20
min at 30°C. The activity was detected by putting sliced sections
in toluene scintillation fluid and counting. Part A indicates the
autophosphorylation of holoenzyme MPK II, part B indicates the
autophosphorylation of holoenzyme of MPK II in the presence of

10 uM cyclic AMP. Part C indicates the binding of cyclic AMP

by the regulatory subunit MPK II.

190



161

Isqumy uoT3IoBAg

2Protein Kinase Activity
(3 Pi-incorporated CPM x 10°°)

0z

0%

09

() i w
{ i
4+— 7
<4<“— >
¢ — ™
¢ O
¢—u
I | |
(o)} oo —
o

[3H] Cyclic AMP Binding

(v)ov 814



Fig. 40(B)

10 ~-

x 1074

M.W.

] L [

20 40 60

Fraction Number

192



Fig. 40. Determination of the molecular weight of the regulatory

subunit of membrane-bound protein kinase MPK II by Sephadex G-100

gel filtration. The regulatory subunit of membrane protein kinase

MPK II obtained from CM-Sephadex C-50 column chromatography was con-
centrated by ultrafiltration through an Amicon PM-10 meﬁbrane and
dialyzed against buffer A~T for 4 hr. The regulatory subunit (3 ml,
1.2 mg/ml) combined with the purified protein kinase MPK II (4 ml,
2.8 mg/ml) was filtered through a G-100 Sephadex column (1.6 x 64 cm)
pre—equilibrated with buffer A-T. The protein kinase activity ( = )
and [3H]cyclic AMP binding activity ( a) were determined by the stan-
dard method described above. The following proteins were used as
internal standards for the determination of the molecular weight of
the regulatory subunit: A, phosphorylase a (Mr = 94,000); B, bovine
serum albumin (Mr = 67,000); C, ovalbumin (Mr = 43,000); D, myo-

globin (Mr = 18,000). Vo indicates the void volume.
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Fig. 41. Autophosphorylation of papillary plasma membrane and protein

kingses MPK II and CPK II. The assay for autophosphorylation was

carried out in a reaction mixture of 100 pl containing 50 mM Tris-HCL
(pH 7.0) for MPK II or 50 mM potassium phosphate (pH 7.0) for CPK II,
10 mM MgCl,, 0.5 mM [y=32P]ATP (100 cpm/pmol), 10% glycerol and

50 ug of enzyme. Incubation was performed for 10 min. at 30°C. The
reaction was stopped by adding 1 ml of ice cold 40% trichloroacetic
acid. The assay tubes were centrifuged in a table centrifuge for 1
min. The supernatants were discarded, the same volume of water
added and the tubes recentrifuged. The pellets were suspended in
50wl of SDS solubilizing solution, which was comprised of 2% SDS,
0.1 mM EDTA, 1% 2-mercaptoethanol, and 20 mM sodium phosphate (pH
7.0). After the sample was solubilized, 80 ul of solution B, which
was comprised of 0.1 mM EDTA, 1% 2-mercaptoethanol, 20 mM sodium
phosphate, 407% sucrose and 0.005% bromide blue, was added to the
sample. Then 50 ul of the final solution was subjected to SDS gel
electrophoresis. The electrophoresis was performed according to the
procedure of Laemmli (207), employing a 10% polyacrylamide gel. The
gel was sliced into 1 mm sections. The sliced sections were placed
in toluene scintillation fluid and counted. Part A shows the phos-
phorylation of papillary plasma membrane, part B, that of membrane
protein kinase MPK II, and part C, that of cvtosol protein kinase

CPK II.
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Fig. 42. Autoradiography of cyclic AMP-dependent dephosphorylation

of papillary plasma membrane
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Fig. 42. Autoradiography of cyclic AMP-dependent dephosphorylation

of papillary plasma membrane. The assay for autoradiography was

carried out in a reaction mixture of 100 Ml containing 50 mM

2~ (N-Morpholino)Ethane~Sulfonic Acid (MES), 5 mM ZnCly, 10 mM MgCl,,
and 50 MM ATP (specific activity 500 cpm/pmol).Incubation was per-
formed for 3 min at 30°, then 30 Kl of a mixture which was comprised
of a final concentration of 15 mM EDTA, 0.7 mM cold ATP, no cyclic
AMP or 15 uM cyclic AMP was added, and incubation was continued

for 10 minutes. The reaction was stopped with 1 ml of ice cold 10%
TCA and 0.1 mM KPi. The assay tubes were centrifuged in a table
centrifuge for 2 min. The supernatant was discarded, the same volume
of water added, and tubes recentrifuged. The pellets were suspended
in 50 pl of SDS solubilizing solution, which was comprised of 27 SDS,
0.1 mM EDTA, 17 2-mercaptoethanol, and 20 mM sodium phosphate. After
the sample was solubilized, 80 pl of solution B, which was comprised
of 0.1 mM EDTA, 1% Z;mercaptoethanol, 20 mM sodium phosphate, 40%
sucrose, and 0.005% bromide blue, was added to the sample. Then 100 pyl
of final solution was subjected to SDS-polyacrylamide gel electro-~
phoresis.

The slab gel electrophoresis was carried out for 15 hr at 20-30
milliamps on a vertical plate gel of 7% polyacrylamide in the presence
of 1% SDS. The gel was run by the method described by Fairbanks et
%E' (208). The gel dimensions were 11.5 cm x 12.8 cm x 1 mm, and the
apparatus used was that described by Reid and Bieleski (209). The
gel was stained for protein with 0.025% Coomassie Blue in 10% iso~-

propyl alcohol, 10% acetic acid and destained with several changes
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Fig. 42 (cont'd)
of 10% acetic acid. The stained gel was dried on Whatman Ne. 50
filter paper under vacuum and heat, and placed in close contact with

Kodak Royal X-Omat f£ilm. The film was exposed for 10 days.
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IV. DISCUSSION

This dissertation is concerned with the assessment and evaluation
of the role of intracellular cyclic AMP in the action of ADH. In the
following discussion, the results of the studies described above are
considered in relation to the current knowledge of the action of ADH,
and a hypothesis on the intracellular mechanism of action of ADH is

presented.

1. Criteria for the Involvement of Phosphorylated Protein in the

Cyclic AMP-Mediated Action of ADH

It has been generally accepted that the action of ADH is mediated
by cyeclic AMP, which serves as an intracellular second messenger (87,
213). However,the means by which cyelic AMP alters the permeabilities
to water, sodium and urea is not yet completely understood.

In all mammalian tissues studied so far, the activatioﬁ of protein
kinase appears to be a major mechanism by which cvelic AMP carries out
its function as a second messenger in the transmission of a hormonal
signal (108). This observation led to the hypothesis that many of the
actions of cyclic AMP in higher organisms are mediated by cyelic AMP-
dependent protein kinases (105). It has also been observed that a
number of hormones can raise the level of cyclic AMP in different
tissues (103,213) but no high-—affinity binding protein for cyclic
AMP other than (a) the regulatory subunit of protein kinase and (b)
phosphediesterase has vet been identified in a eukaryotic cell (104,
108,109). - Therefore, in order to formulate the mechanism of the intra-

cellular action of ADH, one should take into consideration the following
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proposition for the action of peptide hormones in general: cyclic
AMP generated in response to peptide hormones exerts many of its ef-
fects in eukaryotic cells by activation of cyclic AMP-dependent pro-
tein kinase(s), thereby increasing the phosphorylation of proteins
involved in the specific physiological responses to these hormones
- (40,105,109). Krebs has suggested five criteria that must be satisfied
before an effect mediated by cyclic AMP can be said to occur via
phosphorylation of a protein (106,108).
a. The cell type involved contains a cyclic AMP-dependent
protein kinase.
b. A protein substrate exists which bears a functional rela-
tionship to the process mediated by cyclic AMP.
¢. Phosphorylation of the protein substrate alters its function
d. The protein substrate is modified in vivo in response to
cyclic AMP.
e. A phosphoprotein phosphatase exists to reverse the process.
In the following discussion, I will try to associate the results
of my studies with the above five criteria to establish a hypothesis

for the intracellular mechanism of the action of ADH.



The Canine Renal Medulla Protein Kinase System

In our studies (described above), the characteristics of the protein kinase enzymes system

from renal medulla are summarized in the following table:

Cyclic AMP
dependency

Concentration of
salt uced for

elution from DE-52

Type

M.W.

% of total
activity
Autophospho-

rylation

M.W. of regu-
latory subunit

Binding to
[3H]-cAMP

Characteristics

Cytosol

Peak I

cAMP dependent

<0.1 M KCl

T (Rabbit
skeletal
muscle)
180,000

207 of total
cytosol P.K.
activity

No

50,000

Yes

Soluble

Peak II

cAMP dependent

<0.1 MKcl

II (Bovine
heart)

170,000

807 of total
cytosol P.K.
activity

Yes

55,000

Yes

Soluble

Membrane

Peak T

cAMP dependent

<0.1 M KC1

Membrane-—
bound

200,000
20% of total

membrane P.K.
activity

No

Yes

Membrane-bound

Peak TII

cAMP dependent

<0.1 M KCl

Membrane-
bound

105,000

807% of total
membrane P.K.
activity

Yes

50,000

Yes

Membrane-bound



2. Cytosolic Protein Kinase

Our studies showed that the cells of the renal medulla have dif-
ferent protein kinase isoenzymes both in the cytosol and associated
with membrane components. The cytosolic fraction has 65% of the total
protein kinase activity. Elution by DEAE-cellulose ion-exchange chroma-
tograﬁhy showed two peaks of protein kinase activity in the cytosolic
fraction. The minor peak represents 15% of total activity: the properties
of this enzyme are similar to those of the type I protein kinase (CPK I)
isolated from rabbit skeletal muscle by Krebs and his associates (123).
The major peak represents 857 of total activity: the properties of
this enzyme are similar to those of the type II protein kinase (CPK II)
isolated from bovine cardiac muscle bv Rosen and her coworkers (124,
131). The distinguishing characteristic of type II protein kinases is
autophosphorylation (136,138), i.e., these kinases are able to phos-
phorylate their respective cyclic AMP-binding subunits. The studies
of CPK II from bovine cardiac muscle indicated that the autophosphory-
lation of this enzyme has the following characteristics (135,137):

(a) Phosphorylation changes the dissociation constant for cyclic AMP
from 2.8 yM to 0.4 uM, i.e., it enhances the binding of cyclic AMP to
the enzyme (136). (b) The phosphorylation of protein kinase enhances
the net dissociation of inactive holoenzyme by cyclic AMP into its
regulatory and active catalytic subunits. (¢) The autophosphorylation
also results in retardation of the rate of reassociation of its iso-
lated subunits in the absence of cyclic AMP. TFrom the results above,
we know that approximately 857 of the renal cytosolic protein kinase

activity is of type II. It is important to understand any functional
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significance of this distribution for the action of ADH. Various
studies from different tissues have demonstrated that the relative
proportions of the two types of protein kinase in a given tissue can
vary from species to species; this indicates that tissue-specific
function cannot be deduced from the relative proportions of these
types (108,109,133,134)

The kidney-has a multiple hormonal receptor—adenylate cyclase
system that responds to vasopressin, parathyroid hormone (PTH), cal-
citonin and catecholamines (214-219). Each hormone has its own
receptor (coupled to adenylate cyclase) distributed in different
sections of the renal tubule and regulating different renal functions.
Morel and his colleagues have studied the hormone-sensitive adenylate
cyclase activities in different segments of the rabbit nephron for
each of the hormones mentioned above (218-223). The vasopressin-
sensitive adenylate cyclase activities are located in the collecting
tubules and the thick ascending limb of the loop of Henle (221).
Parathyroid hormone caused marked stimulation of adenylate cyclase in
cortex but only slight stimulation in medulla (220). The calcitonin-
sensitive adenylate cyvclase was found to be leocalized in the thick
ascending limb of the loop of Henle (223). Thus, it is of interest
that the segment which is mainly sensitive to calcitonin is insensi-
tive to PTH, and the segment which is sensitive to PTH is insensitive
to calcitonin. The isoproterenol-sensitive adenylate cyclase is
distributed in the second portion of the distal convoluted tubule as
well as in the cortical collecting tubules, regions in which ADH-

sensitive adenylate cyclase (218) is also distributed in many species.



This distribution probably accounts for the finding that g-adrenergic

agents have an antidiuretic action on the mammalian kidney ( 218,224,225),.
In canine renal tissue, we have demonstrated that the corres-—

ponding type I and type II cytosolic protein kinases not only have

‘the same characteristics in the cortex and medulla but the relative

proportions of these two types are similar in these two regions.

Also the finding that cytosolic protein kinase activity has the same

distribution throughout the renal tubule suggests that the presence

of these soluble protein kinases is not a specific feature of the ADH

target cell.

3. Membrane-Bound Protein Kinases

In various studies, it has been shown that the action of ADH occurs
at the apical membrane of the target cell (167) and that this hormone
acts by affecting a water permeability barrier located in this membrane.
The characteristics of membrane-bound protein kinase (discussed below)
suggest that one or more of these enzymes may play a critical role in
the ADH-induced change in membrane permeability.

The major membrane-bound cyclic AMP-dependent protein kinase,

MPK II, which we isolated from canine papillary plasma membrane, has

the following characteristics: (a) The enzyme represents less than 5%

of the total protein kinase activity in the ADH target cell. (b) The en-
zyme is tightly bound to membrane and is unstable after solubilization;
the cyclic AMP-dependent activity of this enzyme is greatly enhanced

by solubilization. (ec) The enzyme can phosphorylate‘exogeneous sub-
strates such as histone, protamine, casein and intrinsic membrane pro-

tein substrate as well. (d) The molecular weight of the enzyme is

204



approximately 100,000; the enzyme is comprised of one catalytic sub-
unit and one regulatory subunit; the molecular weight of the latter
subunit has been found to be approximately 50,000. (e) The enzyme
autophosphorylates its cyclic AMP-binding subunit.

The characteristics of the major component of membrane~bound
protein kinase (MPK II) from the renal medullary tissue indicate
that it is different from the major soluble cyclic AMP dependent pro-
tein kinase (CPK II) from the same cells in several respects. The
molecular weight of CPK II is 180,000. The same type of kinase iso-
lated from bovine cardiac muscle is comprised of a regulatory cyclic
AMP-binding dimer having a total molecular weight of 100,000 (124,
131) and two catalytic subunits, each with a molecular weight of
38,000 (124,131). On the other hand, MPK II from canine renal medulla
has a molecular weight of 100,000, approximately half that of CPK II,
and is similar to protein kinase having one catalytic and one regulatory
subunit isolated from neural membrane (139). Tt is also noteworthy that,
according to Greengard and his coworkers (139), both the catalytic and
the regulatory subunits of the membrane-bound protein kinase isolated
from neural membrane differ from those of CPK II isolated from brain.

Both cytosolic type II protein kinase (CPK II) and the major
membrane-~bound protein kinase (MPK II) that we obtained from canine
renal medulla exhibit autophosphorylation. MPK II is very tightly
associated with membrane; it cannot be removed without detergent.
Thus, the mobility of this enzyme is probably restricted in vivo.
In comparison to membrane-bound enzyme, cytosolic protein kinase is

mobile intracellularly. The time course of activation of the
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cytosolic protein kinase is short compared to that of the membrane-
bound enzyme, as shown in the studies presented above. Because the
cytosolic enzyme represents approximately 65% of the total activity,
one might think that it might play a major role in the mediation of
the action of ADH. However, the morphological distribution of the
enzyme must also be taken into consideration. Schwartz et al. (99)
purified the luminal and contraluminal plasma membranes from bovine
renal papilla by using free-flow electrophoresis. The contraluminal,
but not the luminal, membrane waé found to contain ADH—sensitivé
adenylate cyclase. The luminal membrane was found to contain a
cyclic AMP-sensitive, endogenous phosphorylation system consisting of
a membrane-bound protein kinase and its membrane-bound substrate(s);
this intrinsic protein kinase was not present in the contraluminal
membrane (99). These findings provide direct evidence in support of
a model for the action of ADH on the kidney in which the initiating
steps take place at the contraluminal pole of the hormone-sensitiwve
target cell and the late or terminal steps occur at the luminal pole,
where they involve an alteration in the level of membrane phosphorv-

lation.

4, Cyclic AMP-Dependent Dephosphorylation and Membrane-Bound

Protein Kinase Substrate

In the studies presented above, we also found the cyclic AMP-
dependent dephosphorylation of a protein of molecular weight 50,000
associlated with renal papillary plasma membrane. DeLorenzo et al.

(147,148) demonstrated that in ADH-sensitive toad bladders prelabelled

w

with ZPi, then exposed to ADH, a microsomal protein of molecular
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weight 50,000 was dephosphorylated. A similar result was obtained
when the toad bladder was exposed to monobutyryl cyelic AMP. This
effect was attributed to the enhancement by cycliec AMP of protein
phosphatase activity in the particulate fraction (148). The dephos-
phorylation of this protein of molecular weight 50,000, referred to
as protein D, preceded the increase in sodium transport measured simul-
taneously in a paired control hemibladder (147) and paralleled the
water permeability response to vasopressin (150). Various other
agents which affect sodium transport and water permeability in toad
bladder have also been shown to increase the dephosphorylation of
protein D (147-149). Therefore, it was proposed that protein D may
mediate the ADH-stimulated, cyclic AMP-mediated water permeability
change (150). Greengard and his colleagues (149) subsequently re-
ported that the cyclic AMP-dependent dephosphorylation of a protein
similar or identical to protein D occurs in all the vertebrate tissues
examined; this protein was then given the general name, protein P-50.
There are several possible roles of protein P-50 in regulating
transport in the ADH target cell. Protein P-50 might be a plasma
membrane-bound protein, the cyclic AMP-dependent dephosphoryla-
tion of which is directly involved in the effect of ADH on water
and sodium transport. We believe this to be unlikely because the
cyclic AMP-dependent dephosphorylation of protein P-50 can be
detected in every tissue which has been studied (147) and many of
these tissues are not involved in hormone-mediated transport phenomena.
In other words, the cyclic AMP-dependent dephosphorylation of protein

P-50 does not occur exclusively in ADH~sensitive tissues. Because only
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the distal nephron, in the case of mammalian tissues, can respond

to ADH, it is unlikely that a widespread non—specific phenomenon

such as cyclic AMP-dependent dephosphorylation of protein P-50 would

be responsible for the characteristic ADH-induced change in membrane
permeability to water. Alternatively protein P-50 could be an integrél
part of the cyclic AMP-activated protein kinase system that is

present in all mammalian tissues including those that are insensi-

tive as well as those that are sensitive to ADH (149-151).

We found that cyclic AMP-dependent dephosphorylation of protein
P-50 occurred in renal papillary plasma membrane (PPM), partially
purified membrane-bound protein kinase (MPK II), and partially puri-
fied renal cytosolic protein kinase (CPK II). (It should.be noted
that the method used in our studies differs from that of Greengard
and his coworkers in that they prelabelled with [32Pi] intact tis-
sue to demonstrate the dephosphorylation of protein P-50 (1l47) where-
as we used [Y~32P]AIP to label the prepared substrates in isolated
systems) .

In the examination of cyclic AMP-dependent dephosphorylation in
PPM, no protein phosphatase was added because the PPM has membrane-
bound protein phosphatase activity. On the other hand, in the exam-
ination of the dephosphorylation of membrane-bound protein kinase
(MPK II) and renal cytosolic protein kinase (CPK II), protein phos-
phatase had to be added in order to initiate dephosphorylation.

A notable aspect of the cyclic AMP~-dependent dephosphorylation
of MPK II and CPK is the fact that although cyclic AMP does bring

about dephosphorylation of protein P-50, the activity of the added
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protein phosphatase was not altered by cyclic AMP when phosphohistone,
phosphocasein and phosphomembrane were used as substrates.

In view 0of the widespread occurrence of protein P-50 and the
effect on it of cyelic AMP, we sought to determine the identity of
this protein and the significance of its state of phosphorylation.

We were led to conclude that protein P-50 of toad bladder .and other tis—
sues is the cyclic AMP-binding regulatory subunit of protein kinase.
In order to determine definitively that protein P-50 is the

regulatory subunit of cyclic AMP-dependent protein kinase, the fol-
lowing requirements must be satisfied: (a) Protein P-50 must be of
the same molecular weight as the regulatory subunit. ( b) Protein
P-50 must bind to cyclic AMP, and the characteristics of this binding
must be similar to those possessed by the regulatory subunit. ' (e)
Protein P-50 should suppress the activit? of the catalytic subunit of
protein kinase. (d) Protein P-50 should have the same immunochemical
properties as the regulatory subunit of protein kinase.

There are four findings that suggest that protein P-50 could be
this subunit: (a) Protein P-50 binds to the photo-affinity cyclic
AMP analogue, 8-azido-cyclic AMP, which also binds to the regulatory
subunit of protein kinase (151). (b) The molecular weight of protein
P-50 (49,000~50,000) is the same as that of the regulatory subunit of
bovine cardiac protein kinase. (c) Protein P-50 and cyclic AMP-de—
pendent protein kinase have been found in every mammalian tissue
studied. (d) Cyclic AMP-dependent dephosphorylation of protein P-50
also has been found to be associated with CPK II and MPK II, both of

which undergo autophosphorylation.
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The binding of cyclic AMP by P-50 strongly suggests that this pro-
tein is the regulatory subunit of protein kinase because no high
affinity cyclic AMP-binding protein other than the regulatory subunit
of eyeclic AMP-dependent protein kinase and phosphodiesterase has been
identified in eukaryotic organisms (108, 109). Phosphodiesterase
hydrolyses the cyclic AMP to 5'-AMP; it does not covalently bind 8-azido-
cyclic AMP, the photo—affinity analogue (151), as does the regulatory
subunit. Other cyclic-AMP binding proteins isolated from liver and
erythrocytes have high molecular weights, viz., 180,000 and 240,000,
respectively (226,227), and bind the cyclic nucleotide with low affinity.

To fulfill the third and and fourth requirements for definitive
identification of P~50 as R, one would have to purify P-50. Although
this purification has not yet been accomplished, we have obtained the
following evidence suggesting that this protein is indeed the regulatory
subunit of protein kinase: Sephadex G-200 gel filtration of solubilized
renal plasma membrane protein shows only three regions of molecular
weight in which proteins exhibits binding to c¢yclic AMP, namely
240,000, 200,000 and 100,000. The protein(s) in the regioms of mole-
cular weight 200,000 and 100,000 correspond to protein kinase MPK I
and MPK II, respectively., The proteins in the region of molecular
weight 240,000 bind cyclic AMP but show no cyclic AMP-dependent pro=-
tein kinase activity or protein phosphatase activity. No other region
was found to bind cyclic AMP. 1In the region of molecular weight 50,000
(the region that should contain the regulatory subunit R if it were
present), no cyclic AMP-binding activity was found --- indicating that

protein P-50 arises only by dissociation from a larger molecule.

210



From this Sephadex G-200 column, we separated the solubilized renal
plasma membrane protein into three fractions: fraction I containing
proteins with molecular wieghts of 30,000-70,000, fraction II contained
protein with molecular weights of 70,000-140,000, and fraction III
contained proteins with molecular weights larger than 140,000. Frac-
tion I, which includes the region of molecular weight 50,000, did not
show either autophosphorylation or binding to [3H]cyclic AMP. Only
fraction II, which contained membrane-bound protein kinase MPK II, ex-
hibited autophosphorylation and binding to [3H]cyclic AMP. Fraction III
exhibit binding to [3H]cyclic AMP but not autophosphorylation. 1In

the presence of cyclic AMP, however, it did phosphorylate histone,
therefore fraction II containes the type II protein kinase. Adding
[Y-32P]AIP to each fraction and then subjecting the fraction to
SDS-polyacrylamide gel electrophoresis showed that only fraction II

had a phosphorylated peak of molecular weight 50,000. This phosphory-
lated peak was dephosphorylated in the presence of cyclic AMP and
protein phosphatase. When purified protein kinase MPK II_was purified
and subjected to SDS—-polyacrylamide gel electrophoresis it was found
that cyclic AMP induced the dephosphorylation of a protein of a
molecular weight 50,000; this protein also bound cyclic AMP and there-
fore was tentatively identified as the regulatory subunit of protein
kinase MPK II. Because fraction I showed neither autophosphorvlation
nor cyclic AMP-dependent dephosphorylation, there was clearly no R in
this protein. However, because a protein of molecular weight 50,000
(P-50) from fraction II did bind [BH]—cyclic AMP and d4id manifest auto-
phosphorylation, it appear that this protein must have dissociated from

a large molecule, i.e. on electrophoresis of the protein kinase holo-
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enzyme, a smaller phosphorylated protein (Mr = 50,000) appeared on
the gel.

" 5. Mechanism of Cyclic AMP-Dependent Dephosphorylation of Protein P-50.

All the cyclic AMP-dependent protein kinases examined have the
general quarternary structure Rn'Cn (108), where R is the regulatory
subunit (a cyclic AMP-binding protein), C is the catalytic subunit, and
n =1 or 2. The holoenzyme is inactive; when cyclic AMP binds to the
regulatory subunit, it promotes dissociation of holoenzyme; the free
catalytic subunit is active. When n = 1, the reaction scheme may be
written as follows:

R-C + cyclic AMP &===—= R-cyclic AMP + C
(inactive) (active)

In order to define the mechanism of cyclic AMP-dependent dephos-—
phorylation, the following questions must be answered: (a) How can
the apparent contradiction between cyclic AMP-stimulated phosphorylation
and cyclic AMP-stimulated dephosphorylation be explained? (b) What is
the function of cyclic AMP-dependent dephosphorylation? (c) Is cyclic
AMP involved in the regulation at the enzyme level or at the substrate
level?

" We were able to conclude that cyclic AMP-dependent dephosphoryla-
tion does not take place at the enzvme level, since none of the puri-
fied phosphoprotein phosphatases bound cyclic AMP or were activated by
cyclic AMP directly (138,144,-28-232). The regulatory subunit of pro—
tein phosphatase from liver also did not bind cyclic AMP (144,229,232).
Therefore, it would appear that no direct interaction exists between
cyclic AMP and phosphatase either in the case of remal cytosolic or
renal membrane~bound phosphatases or for that matter in the studies of

liver phosphatases noted above.
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If cyeclic AMP-dependent dephosphoryaltion is regulated at the
substrate level, one must consider how the binding of cyclic AMP to
its target molecule activates the dephosphorylation. The bound cyclic
AMP could be an allosteric effector, or it could serve to release the pro-
tein P-50 from its attachment to another protein in the manner dis-
cussed above for the action of cyclic AMP on the protein kinase holo-~
enzyme. A model for the allosteric effect of cyclic AMP on a high-
affinity cyclic AMP-binding protein is provided by phosphodiesterase
(108), an enzyme which is activated in the presence of cyclic AMP and
then hydrolyzes cyclic AMP to 5' AMP, Howe;er this is not analogous té
the interaction of cyclic AMP and protein P-50, for the latter does not
utilize cyclic AMP as substrate. It is well established that the bind~
ing of cyclic AMP to a protein kinase holoenzyme, R°C, results in the
dissociation of the regulatory subunit, R, from R*C. Therefore, because
of the evidence that protein P-50 is R, we are suggesting that cyclic
AMP binds to P-50 (R) releasing it from R°*C. 1In turn, the release of
P-50 from holoenzyme, in the presence of protein phosphatase(s) greatly
enhances the susceptibility to phosphoprotein phosphatase of the phospho--
serine and/or phospho~threonine residues of P-50. It appears, there-—
fore, that the phosphorvlated residues of protein P-50 are less accessi-
ble to protein phosphatases when P-50 is associated with the catalytic
subunit in the holoenzyme. That the accessibility of P~50 to protein
phosphatase is increased when the P-50-cyclic AMP complex is released
from the holoenzyme has been noted in a bovine cardiac muscle system
(138). Thus, it appears that the action of cyclic AMP to induce the

dephosphorylation of P-50 is regulated at the substrate level.
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Rangel-Aldao and Rosen (233) recently studied the mechanism of

autophosphorylation of cyclic AMP~dependent protein kinase from bovine
cardiac muscle and concluded that the undissociated holoenzyme does
not catalyze the phosphorylation of exogeneous substrate but can under-
go autophosphorylation by an intramolecular reaction. The following
results of their study are noteworthy: (a) addition of either cyclic
AMP-binding protein ér heat=-stable protein kinase inhibitor does not
inhibit autophosphorylation (the latter inhibits the phosphorylation
of exogeneous substrate in the presence or absence of cyeclic AMP);
(b) addition of catalytic subunit to an excess of cyclic AMP-binding
protein results in phosphorylation equivalent to the amount of holo-
enzyme generated; (c) the rate of autophosphorylation is not affected
by dilution of the holoenzyme (233).

The autophosphorylation of bovine cardiac muscle protein kinase
may be stimulated by cyclic AMP, but this stimulation was observed
only at low concentration of ATP, viz., 50 uM (233). In any case,
autophosphorylation of protein kinase holoenzyme is not dependent on
cyelic AMP, as evidenced by the fact that it still occurs in the
absence of this cyclic nucleotide.

We considered it important to determine whether dephosphoryla-
tion of P-50 occurs in the absence of cyclic AMP and to what degree
the involved protein phosphatase has substrate specificitv.

Chou and Rosen (138) recently purified a protein phos-
phatase (Mr = 30,000) from bovine cardiac muscle. The enzyme cata-
lyzes dephosphorylation of cyclic AMP-binding protein of protein kinase.
The action of this phosphatase on phosphorylated protein kinase, but

not on other phosphoprotein substrates, was cyclic AMP-dependent. The
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dephosphorylation of phosphorylated protein kinase was greatly enhanced
upon increasing cyclic AMP from 0.1 uM to 10 uM. On the other hand, the
dephosphorylation of phosphohistone was not affected by changing the
concentration of cyclic AMP. This selective activation by cyclic AMP
reflects the preference of the phosphatase for the free phosphorylated
cyclic AMP-binding protein rather than the phosphorylated holoenzyme (138).
Since autophosphorylation of protein kinase occurs by an intramolecu-

lar reaction and at a very low concentration of ATP, it is likely that
under most‘physiological conditions, the bovine cardiac muscle holo-
enzyme exists as a phosphoprotein and it is not surprizing that a phos-
phatase acts on the dissociated phosphorylated regulatory subunit rather
than on the phosphorylated protein kinase holoenzyme (138). This
specificity for the free regulatory subunit was also exhibited by bacteri-
al alkaline and potato acid phosphatase when phosphorylated cyclic AMP~
binding protein and phosphorylated holoenzyme were subjectéd to these
enzymes (138). All of these findings suggest that the catalytic site

of C may be buried inside the holoenzyme, permitting phosphorylation

of R to occur by an intramolecular reaction but preventing the holoenzyme
from catalyzing the phosphorylation of exogeneous substrates (138).

Since modification of protein by phosphorylation and dephosphory-
lation are important processes, it may also be essential to determine
whether each dephosphorylation reaction is catalyzed by a specific
phosphatase or there is coordinate regulation of the dephosphorylation
of a group of proteins analogous to the phosphorylation reaction cata-
lyzed by protein kinase. The purified bovine cardiac muscle
protein phosphatase exhibits broad substrate specificity both in the

large molecular weight and ethanol-activated small molecular weight



form (230,234,235). This specificity is compatible with previous observa-
tions on phosphorylase phosphatase and glycogen synthetase phosphatase
isolated from various sources (204,228,236-240). Recently, Killila et al.
(228) provided evidence that glycogen synthetase and phosphorylase are
coordinately regulated by a single protein phosphatase purified
from rabbit liver.

From the above discussion, the following scheme may explain th;

mechanism of the cyclic AMP-dependent dephosphorylation of P-50

. 32 « 32 .
(a8 R *C_ +n [y-""P]ATP > [T7PIR "C
(autophosphorylation)

(b) [32P]Rn'Cn + n cyclic AMP EF=======§([32P]R-cyclic AMP)n +nC

protein

(c) ([32P]R-cyclic AMP)nphosphatase > ( Recycelic AMP)n +n 32Pi

(d) Cyclic AMP phosphodiesterase :> 51 AMP

() R +n Cr"'=---———---‘_‘Rn'Cn

Step a. Autophosphorylation of holoenzyme (Rn'Cn) to phosphorvlated
holoenzyme ([BZP]RR‘CD).

Step b. 1In the presence of cyclic AMP at physiological concentration
(1 M), the phosphorylated holoenzyme ([SZP}Rn'Cn) disso-
ciates into phosphorylated cyclic AMP-binding subunit (phos-
phorylated pfotein P-50) (([32P]R'cyclic AMP)n) and catalytic
subunit (C).

Step ¢. The cyclic AMP-binding subunit (([32P]R'cyclic AMP)n) then is
dephosphorvlated by protein phosphatase to dephosphorylated
cyclic AMP-binding subunit ((R°cyclic AMP)n) and inorganic

phosphate (32Pi)’
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Step d. Cyclic AMP is hydrolyzed by phosphodiesterase to 5'-AMP. Thus,
the concentra;ion of cyclic AMP falls to a very low level,
and free cyclic AMP-binding subunit (Rn) is produced when the
bound cyclic AMP dissociates.

Step e. The dephosphorylated protein P-50 (Rn) and catalytic unit
(C) reassociate to form the dephosphorylated holoenzyme
(R -C).

In our studies, the purified cytosolic and membrane-bound type II
protein kinase from the canine renal medulla (CPK II and MPK II, re-
spectively) both showed cyclic AMP-dependent dephosphorylation in the
presence of protein phosphatase. OQOur results can be seen in the
framework of the above reaction mechanism as follows:

Step a. CPK II and MPK 11 are autophosphorylated in the presence of
[Y—32P]ATP. In the absence of protein phosphatase cyclic AMP
at physiological concentrations slightly increased the auto-
phosphorylation.

Step a and b. Autophosphorylation resulted in 32P—labelling of the
regulatory subunit, which was dissociated from the holoenzyme
upon binding cyclic AMP.

Step b. In the absence of cyclic AMP, protein phosphatase could not
dephogphorylate the phosphorylated holoenzyme of protein
kinase because step b c&uld not proceed, thereby preventing
step ¢ from being realized (the phosphorylated holoenzyme is

a poor substrate for phosphoprotein phosphatase).

Step b and c¢. In the presence of a phvsiological concentration of
cyclic AMP (1 uM - 10 uM), the phosphorylated regularory sub-

unit dissociated from the holoenzyme and was then dephosphorylat-

217



ed by protein phosphatase (i.e., the free phosphorylated subunit is
a good substrate for protein phosphatase).

Thus we are suggesting that the protein P~50 that is (a) derived
from the plasma membrane of ADH-sensitive renal medulla and (b) dephos-
phorylated in the presence of cyclic AMP is in all likelihood the re~

gulatory subunit of membrane~-bound protein kinase (MPK II).

6. Protein Phosphatases.

The following discussion concerns the protein phosphatase(s) of
ADH-sensitive renal tissue with particular reference to the fifth cir-
terion of Krebs.

The protein phosphatase enzyme system(s) can be regarded as a device
for terminating the action of cyclic AMP by the catalytic removal of the
phosphate group from the phosphorylated regulatory proteins. The
exact nature of regulation of the activity of protein phosphatases is
unknown. The current knowledge of protein phosphatases comes from studies
of glycogen metabolism, e.g., phosphorylase phosphatase and glycogen
synthetase phosphatase (235-241). Although some have suggested that
cyclic AMP is directly involved in the regulation of these enzymes, this
does not appear to be the case in most tissues that have been studied
(204,230,236-242). Tor example, Huang and Glinsman (243,244) reported
that a partially purified phosphorylase phosphatase from rabbit muscle
can be inactivated by a phosphorylation reaction catalyzed by cyeclic
AMP-dependent protein kinase and that this inactivation is accompanied
by a decrease in the molecular weight of the phosphorylase phosphatase
from 70,000 to 52,000 and by the formation of phosphorylated inhibitory

protein with molecular weight of 26,000. Dephosphorylation of this



inhibitor results in the loss of its inhibitory action toward phos-
phorylase phosphatase. It should be noted, however, that the inhibitor
in its phosphorylated state does not affect the catalytic action of
phosphorylase phosphatase on the dephosphorylation of phos-

phohistone or muscle glycogen synthetase D (244). 1In addition to the

phosphorylatable protein inhibitor (Mr = 26,000), they also isolated a

non-phosphorylatable protein inhibitor (Mr = 32,000) from skeletal
muscle. The exact physiological role of these heat-stable inhibitors
in the regulation of protein phosphatase is yet to be established.

In our studies of renal protein phosphatase, we did not find
any direct action of cyclic AMP on this enzyme; the only involvement
of cyclic AMP in the regulation of protein phosphatase activities is
the cyclic AMP-stimulated dephosphorylation of protein P-50, the
mechanism of which was explained above; this effect of cyclic AMP is
an example of regulation at the substrate level.

Multiple forms of protein phosphatase have been demonstrated with
different substrates in various tissues (235-245). It has been found
that the multiple forms of protein phosphatase can be dissociated by
treatment with either 2-mercaptoethanol (236,245) or ethanol (230,234)
into a single éatalytic subunit, thereby activating the enzyme. Li et al.
(230,235) have proposed that the multiple forms of phosphorylase phos-
phatase consist of an enzyme-inhibitory protein complex which con-
tains a single common catalytic subunit of molecular weight 32,000
and different inhibitory proteins that are removed by complexation

with various specific metabolites.
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In the early studies of muscle phosphorylase phosphatase,
Graves et al. (246) found a specific protein phosphatase that acted
only on phosphorylase a or on a phosphopeptide derived from phosphory-
lase a. Originally, it was assumed that each phosphoprotein was
dephosphorylated by a specific protein phosphatase. This assumption
is important because if this is true, we probably would not be able
to isolate the assumed cyelic AMP-stimulated phosphatase for protein
P-50 until we first isolate protein P-50 itself. As was noted above,
protein P-50 is either the regulatory subunit of protein kinase (as
we believe to be the case) or a different protein which we were
not able to separate from the regulatory subunit. Recently, however,
the studies on the glycogen synthetase phosphatase from rabbit skeletal
muscle (231), histone phosphatase from bovine cardiac muscle (138).
and homogeneous phosphorylase phosphatase from rabbit liver (247)
have demonstrated that a single protein phosphatase can catalyze
the dephosphorylation of several phosphoproteins. The substrates
include glycogen synthetase D, phosphorylated phosphorylase kinase,
phosphorylase a, and phosphorylated protein kinase. By contrast,
Kikuchi et ?l‘ (248) have recently reported that glycogen synthetase
phosphatase can be clearly separated from phosphorylase phosphatase
activity in rat liver. Furthermore, Antonie and Cohen (249) have
reported the separation of two phosphorylase kinase phosphaéase acti-
vities from rabbit skeletal muscle; one is specific for the dephos-
phoryvlation of the @=subunit of phosphorylase kinase.

In renal tissue, when using phosphorylated histone, casein and

phosphorylase a as substrates, we found two different protein
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phosphatases in cytosol characterized by molecular weights of 105,000
and 31,000. Protein phosphatase Pb (Mr = 105,000), which is unstable
in vitro, was easily converted to the catalytic subunit of protein
phosphatase Pa (Mr = 31,000). Protein phosphatase Pa did not demon-
strate substrate specificity, but it dephosphorylated phosphorylated
membtane; it seems to be very similar to the catalytic subunit of
phosphorylase phosphatase isolﬁted from liver (247). An interesting
aspect of the membrane-bound phosphatase is that the enzyme also has
two isoenzyme, characterized by molecular weights of 100,000 and
35,000. Treatment of enzyme Mb (Mr = 100,000) with ethanol converts
it into Ma (Mr = 35,000) with a concomitant increase in activity.

The membrane~bound protein phosphatase is neither cyclic AMP-dependent
nor very tightly bound to membrane; the affinity of this enzyme is dif-
ferent from that of membrane-bound protein kinase, which is very
tightly bound to membrane. The properties of membrane~bound phospho-
protein phosphatase, Ma, are very similar to those of cytosol protein
phosphatase, Pa. It is quite possible that these two enzymes are one
and the same; however we cannot prove this point until we purify the
enzyme to homogeneity. Although we were able to isolate protein phos-
phatases from membrane and cytosolic fractions, we did not find any
cyclic AMP dependence of these enzymes. However when we used either
membrane-bound phosphatase or cytosolic phosphatase, we were able to
demonstrate cyclic AMP-dependent dephosphorylation of the phosphorylated

regulatory subunit (P-50) of protein kinase.
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If phosphorylation of the apical membrane of the mammalian renal
collecting duct has a role in ADH-stimulated antidiuresis, then the
cytosolic or membrane-bound protein phosphatase (which can reverse the
cyclic AMP-induced phosphorylation) serves as a modulator and/or

terminator of the hormonal action.

7. Conclusion

In the foregoing studies we were able to demonstrate the existence
of only a single protein phosphatase system and only a single protein.
kinase system that regulates multiple hormonal effects on the nephron.
For each individual cell of renal tubule, there are probably only one
or at most a few types of hormonal receptors, whereas the intracellular
protein kinase(s) and phosphatase(s) probably have approximately the
same distribution inside every cell. The question arises therefore as
to what makes each cell have a selective response to a particular hormone.
The f£inal site of hormonal action may be a membrane-bound phosphoprotein--
or set of such proteins-~for each hormone. It would be interesting
to compare membrane-bound phosphoproteins isolated from the different
types of cells under the control of different peptide hormones in
order to relate a particular molecule to a particular effector role.

In the case of parathyroid hormone, PTH stimulates phosphoryla-
tion of four cellular proteins (Mr = 150,000, 125,000, 100,000 and
50,000) in rabbit renal cortical tubules (250). Exposure of tubules
to dibutyrvl cyclic AMP had similar effects. In this crude prepara-
tion, however, it is impossible to determine the exact protein which
may be involved in PTH action. Exposure of tubules to PTH did mot

affect protein dephosphorylation in a fashion analogous to the toad
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bladder epithelial cells that were exposed to ADH. This difference
may be due to the experimental method and procedure inasmuch as one
expects PTH to raise the intracellular level of cyclic AMP and subse-
quently to increase the dephosphorylation of the regulatory subunit

of type II protein kinase (which is the major protein kinase of renal
tissue). Studies of the brush border isolated from rat kidney showed
that a protein with a molecular weight of 35,000 was phosphorylated.
These studies, however, failed to demonstrate cyclic AMP stimulation
of the phosphorylation of this particular phosphoprotein. Kinne et al.
(99) used free-flow electrophoresis to separate apical from basal-
lateral plasma membrane. The basal-lateral membtane fraction con-
tained PTH-sensitive adenylate cyclase activity. Protein kinase
activity, as detected by phosphorylation of endogeneous membrane-bound
substrate, was found predominantly in apical membranes but also to an
appreciable degree in basal-lateral membranes. Basal proﬁein kinase
activity was higher in the apical membrane and was stimulated approxi-
mately two~fold by cyelic AMP; in the basal~lateral membranes, there
was an approximately six-fold stimulation of protein kinase by cyclic
AMP. Phosphorylation of membrane-bound protein was enhanced by the
addition of a soluble cvclic AMP-dependent protein kinase isolated
from the same tissue. In’' our unpublished work, we also found that
there is membrane~bound protein phosphatase in the brush border. It
appears that in renal tissue there are two sets of phosphorvlation-
dephosphorylation regulatory enzymes, one in the cytosol and the other
in the plasma membrane. The former includes cyclic AMP-dependent

protein kinase, protein phosphatase and phosphodiesterase; the latter,
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cyclic AMP-dependent protein kinase and protein phosphatase. Although

the cytosol fraction has approximately 657% of the total protein kinase

and phosphatase activities, and the membrane fraction has only 5% of the
total activities, it is very difficult to determine whether the cytosol
or membrane~bound enzyme is involved in hormonal action in vivo. Since
the kidney is involved in glycolysis, the cytosol enzyme may well also
play a role in the regulation of glycogen metabolism. On the other hand,
the membrane-bound enzyme may serve to activate the permeability change
occurring immediately after the level of cyclic AMP is raised.

Up until the present time there has been no protein other than

P-50 of which the state of phosphorylation is cyclic AMP-dependent

and which is localized in the apical plasma membrane of the ADH target

cell. There are several possible explanations of why no such cyeclic-

AMP generated phosphoprotein has yet been isolated:

a. The specific phosphoprotein may have been denatured during the
process of isolation of plasma membrane, or the phosphoprotein may
have become dissociated from the membrane during the purification
process.

b. The cyclic AMP-dependent protein kinase may not have been able
to gain access to the protein substrate in vitro, so that it was
impossible to phosphorylate and to localize the phosphoprotein.

c. The phosphoprotein may have been rapidly dephosphorylated by
membrane-bound phosphatase, since this enzyme is very active.

With improved techniques for studying the biochemistry of ADH
action, one may be able to localize the specific membrane-bound phos-
phoprotein that is responsible for the ADH-induced change in membrane

permeability.
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Ueda et al. (139) have worked on the solubilization of a phos-
phoprotein and its associated cyclic AMP-dependent protein kinase and
protein phosphatase from synaptic membrane fractions and on the
basis of kinetic studies of endogeneocus phosphorylation indicated
that the enzyme system and phosphoprotein exist as a complex. If
accumulating evidence continues to strengthen the hypothesis that
the membrane-bound phosphorylation and dephosphorylation enzyme systems
are involved in the ADH-induced change of permeability to water
there should be an increased effort made to isolate the relevant

phosphoprotein.
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